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THE RATIO OF INDUCED FISSION VS. SPONTANEOUS 
FISSION IN PITCHBLENDE AND NATURAL 
OCCURRENCE OF RADIOCHLORINE* 


B. T. KENNA and P. K. Kuropa 


Department of Chemistry, L niversity of Arkansas, Fayetteville 
(Received 4 March 1960) 


Abstract——Chlorine was isolated from kilogram quantities of both Canadian and African pitchblende, 
exhaustively purified, and counted. The specific activity of chlorine obtained from African pitchblende 
was found to be (7 1) disintegrations per minute per gramme of chlorine, while that from Canadian 
pitchblende was (4 1) disintegrations per minute per gramme of 

fission of **°U vs spontaneous fission of ***U in these minerals was calculated from the radiochlorine 
data. A value of 0-33 was obtained for the African pitchblende and a value of 0-19 for the Canadian 
pitchblende 


hlorine. The ratio of induced 


It has been established by Davis and ScHacrrer? that cosmic ray neutrons induce 
measurable “Cl activity (half-life 308,000 years) in certain surface rocks. KURODA ef 
al.“ have reported the occurrence of “Cl in Great Bear Lake pitchblende, in which the 
major neutron sources are the spontaneous fission of “*U and (x, m) reactions. Studies 
on the radiochlorine in uranium minerals are of a special interest, since the ratio of 
induced fission of *°U vs. spontaneous fission of ™*U in the minerals may be estimated 
from the radiochlorine data. 

The primary purpose of the present study is to see if the above ratio calculated from 
the radiochlorine data agrees with the results from mass-spectrometric data, which 
have been reported by FLEMING and THope®’, and by WerHerite™. 


EXPERIMENTAL 
Chlorine was isolated from kilogramme quantities of pitchblende, carefully purified, and counted 
in the following manner 


Purification and counting as silver chloride 


Pitchblende was dissolved in dilute nitric acid with a reflux system, keeping the reaction flask in 
an ice-bath. The insoluble residue was removed by filtration and the filtrate was treated with s iIphuric 
acid to precipitate the lead sulphate. The solution was filtered and silver chloride was precipitated by 
the addition of silver nitrate to the filtrate. The nitric acid insoluble fraction of the pitchblende was 
treated with dilute ammonium hydroxide solution and filtered. The filtrate was acidified with nitric 
acid and chlorine was precipitated as silver chloride. The two silver chloride precipitates were 
combined, dissolved in ammonium hydroxide and the solution filtered, heated and silver chloride 


reprecipitated by the addition of nitric acid. After digestion of the precipitate, the silver chloride was 


* This paper represents a part of the dissertation to be submitted by B. T. Kenna to the Graduate 
School of the University of Arkansas in partial fulfilment of the requiren t for the degree of Doctor of 
Philosop 
" R. Davis, Jr. and O. A. Scnarrrer, Ann. New York Acad. Sci. 62, 105 (1955); BNL-340, T-59, June 

(1955) 

P. K. Kuropa, R. R. Eowarps, B. L. Rosinson, J. H. Jontre and C. Gootssy, Geochim. Cosmochim 

Acta 11, 194 (1957) 

W. H. Fremine and H. G. Phys. Rev. 92, 378 (1953) 
G. W. Phys. Rev. 92, 907 (1953) 
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B. T. KENNA and P. K. Kuropa 


filtered, dried, weighed, mounted on filter paper (Whatman No. 1, 4-25 cm), placed in a 2in. 
Stainless steel planchet, and counted for 24 hr. The silver chloride precipitate was then redissolved 
in ammonia, and the purification cycle was repeated. 


Purification and counting as ammonium chloride 


The silver chloride precipitate, after being counted, was dissolved in ammonia. a calculated 
amount of clean magnesium turnings added, and the solution was allowed to stand overnight in an 
empty vacuum dessicator (to keep carbon dioxide absorption to a minimum). The solution was 
filtered and evaporated to a volume of about 50 ml, and a calculated volume of concentrated sulphuric 
acid was added. The chlorine was then distilled off as the HCl-water azeotrope. After the distillation 
was complete, anhydrous ammonia gas (Matheson) was passed through the distillate and the solution 


TABLE 1.—CONTROL EXPERIMENTS 


Sample Counting form Weight Net . 
© (mg) (counts/min) 
(1) Commercial NaC! AgCl 1287 0-02 + 0-06 
204 mg plus NH,CI, 250mg 
(2) Thermal water, Lacco AgCl Cycle No. 1 201 0:33 + 0-07 
Ameno, Italy* AgCl Cycle No, 2 0-01 + 0-06 
3 | —0-01 + 0-06 


AgCl Cycle No. 


* Contained 1-4 uc/l. of radon, when the sample was collected. 


evaporated to near dryness in a quartz evaporating dish. The ammonium chloride was mounted in 
the same manner as was the silver chloride, dried and weighed. The percentage recovery of chlorine 
was usually 91-93 per cent. The ammonium chloride, after being counted, was dissolved in distilled 
water and the distillation procedure repeated. 


Counting equipment 


Tracerlab Low Background /-Counting Equipment (CE-14) was used for the radioactivity 
measurements. It hada background of two counts per minute in anti-coincidence with surrounding 
cosmic ray counters 

The counter was calibrated by a method similar to that described by HEYDeGGer and Kuropa"’, 

A standard solution of sodium chloride (1 ml 100 mg AgCl) was prepared, and various aliquots 
were taken. To each aliquot was added 1 mi of a standard *C] solution (344 dpm **Cl/ml determined 
by 47 counting), and silver chloride precipitated by adding 0-1 M silver nitrate solution. The silver 
chloride was filtered, washed, dried. weighed, and counted. 

A standard solution of ammonium chloride (1 ml = 50 mg NH,Cl) was prepared, and various 
aliquots were taken. To each aliquot was added 1 ml of the standard *“Cl solution. Anhydrous 
ammonia gas was passed through each solution for 10 sec and the solutions were evaporated until 
crystals of ammonium chloride formed on the surface of the solution. On cooling, the slurry was 
poured and scraped with a rubber policeman onto filter Papers in a 2 in. planchet. The samples were 
dried in an oven at 120°C, weighed and counted 


Control experiment 

Chlorine samples from reagent grade commercial salts, and thermal water from Lacco Ameno, 
Ischia, Italy, were examined for the presence of radioactivity. No activity was found in the chlorine 
fraction, as shown in Table 1. 
EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental results obtained are summarized in Table 2. 
Although the activity of the chlorine samples isolated from pitchblende was 


) H. R. Heypeccer and P. K. Kuropa, J. Inorg. Nucl. Chem. 12, 12 (1959). 
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extremely small, it followed chlorine chemistry, and the weak activity of the silver 
chloride persisted after the purification cycle was repeated twelve times. The specific 
activity of the chlorine remained constant after the silver chloride sample was 
purified further by employing the ammonium chloride purification procedure twice. 
The specific activity of the chlorine sample showed no sign of decay, as shown in 
Table 2. 


TABLE 2.—CHLORINE-36 IN PITCHBLENDE 


Purifi- Specific 
Sample cation | Counting Weight Chemical Net tenietinn activity 
cycle form (mg) yield(®%) counts/min f dpm/g 
No. chlorine 
mineral 

(1) Belgian Congo, 1 AgCl 2739 — 22-9 + 16 0 1220 

pitchblende, 2 AgCl 2459 90-0 $2 +07 l 275 
2000 g 5 AgCl 1772 64:8 0-12 + 0-06 7 6:4 
10 AgCl 1657 60-5 0-17 + 0-06 18 9-0 
11 AgCl 1632 59-8 0-11 + 0-06 19 5-8 
12 AgCl 1615 59-0 0-15 + 0-06 22 79 

14 NH,Cl 1099; 10-8 


(2) Great Bear Lake NH,CI | 577 | 434 |o7s:012] — | 41407 
pitchblende, 4540 g (*) 
NH,CI | 232 174 | 0:30 


* Counted with a Libby screen wall counter. Kuropa et al." 


The average specific activity of chlorine in Belgian Congo pitchblende, calculated 
from the silver chloride and ammonium chloride counting data shown in Table 2, 
and from the chlorine content of the mineral (0-03 °,), is (7 + 1) disintegrations min~ 
g-! of chlorine, whereas that of chlorine in Great Bear Lake pitchblende is (4 +- 1) 
disintegrations min~! of chlorine. 

SCHAEFFER and co-workers have recently reported that two rains collected in the 
summer of 1957 contained 2:0 and 8-0 disintegrations min~' of “Cl per gramme of 
total chlorine. These levels of activity are several orders of magnitude larger than 
expected from cosmic-ray production and are probably produced by neutron 


‘* O. A. Scuarrrer, O. S. THompson and N. Lark, Paper presented at the Annual Meeting of the Geo- 
chemical Society, Pittsburgh, Pennsylvania (1959). 


q 
0124005! 101 73 
0124005 102 13 
O114005 103 67 
0114004 104 67 
l 0114004 105 6-7 
6 010.006 111 6-1 
| 0134006) 113 7.9 
(61 0094006 115 5-5 
7 0134006 130 7-9 
O114006/ 132 6-7 
| 0-10+006, 134 61 
0-14 +006| 136 8-5 
_| | O11 +006) 141 6-7 
4 
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irradiation of sea spray in oceanic nuclear explosions. The specific activity of chlorine 
in pitchblende is thus approximately the same as that in rain. However, the possibility 
that the *Cl in pitchblende came from rain appears to be remote. 

If one assumes that the “Cl found in Belgian Congo pitchblende, i.e. 7 + | 
disintegrations min~! g~! chlorine, or 2:1 disintegrations min~ of C1 per kilogramme 
of pitchblende, has originated from rain water containing 8-0 disintegrations min~! of 
chlorine per gramme of total chlorine, then approximately 250 mg of chlorine from 
recent rain water must have been absorbed by each kilogramme of pitchblende. 
According to SUGAWARA"), the average chlorine content of rain water is 0-76 mg 1.-! 
Thus, 250 mg of chlorine corresponds to a volume of approximately 330 I. for every 
kilogram of pitchblende. Acc rding to the recent studies on fission products in rain 
water by Kuropa®?, the Sr content of rain water was of the order of magnitude of 
14-7 disintegrations min-! |.-! in 1958. Thus. the “Sr content of the pitchblende has 
to be 4-85 disintegrations min~! g~! of pitchblende. KURODA and Epwarps” found 
however, approximately 7 « 10-% disintegrations min~! of Sr per gramme of Great 
Bear Lake pitchblende, and the authors” have recently found less than 10-2 dis- 
integrations min“! of Sr per gramme of Belgian Congo pitchblende. For the above 
Stated reasons, we have concluded that the CI did not come from rainfall, but was 
produced within the pitchblende. 

Assuming that thermal capture is the ultimate fate of each neutron produced, the 
ratio (R) of the number of induced fission (/) vs. the number of spontaneous fission (S) 
in a mineral may be calculated from the following relationships: 


235 CG, Joss x 


— 
100 


S = 138 ™y —_ 2 
7 


ATX (a, 


S 13800 In 2 


(3) 


where: *N and “*N are the number of atoms of ®Cl and 2™U per gramme of mineral, 
respectively, (a,,),, is the thermal neutron absorption cross-section of *C], (F,)ogs 1S 
the thermal fission cross-section of 25U. A is the specific activity of chlorine (dis- 
integrations per minute per gramme of chlorine), Y is the chlorine content of mineral 
(in per cent), and T is the spontaneous fission half-life of “*U (in minutes). 

Equation 3 can be further simplified by introducing the known values of (4,)ogs 
590 barns, and (¢,),; = 44 barns. Thus. 


AT X 
(4) 
N® 100 


R=— = 0-140 
S 


The value of T has been measured by a number of investigators. SeGre” re- 
ported a value of (8-04 + 0-3) x 10'5 years, and PerriLoy"®) reported a value of 
(1-3 + 0-2) x 10! years. 


 K. SuGAWARA, Kagaku (Science) 18, 485 (1948) 

‘) P. K. Kuropa, ANL-5920, October (1958) 

‘* P. K. Kuropa and R. R. Epwarps, J. Chem. Phys 22, 1940 (1954). 

° B. T. Kenna and P. K. Kuropa. | npublished data (1960). 

1) Sere, Phys. Rev. 86, 21 (1952). 

2) N. A. Perritov, J. Exp. Theor. Phys. 17, 746 (1947); Chem. Abstr. 42, 2864 (1948). 
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KURODA and co-workers™.*:.! have recently reported the equilibrium ratios of a 
number of short-lived fission products to **U in natural and in depleted uranium 
salts (99-989 per cent ™*U). 

The results obtained by Kuropa and co-workers are shown in Table 3 and in 
Fig. |. 
The results are sufficient to show the general shape of the mass-yield curve for 


TABLE 3.—EQUILIBRIUM RATIOS OF THE FISSION PRODUCTS 2"*I 
IN NON-IRRADIATED NATURAL AND DEPLETED URANIUM 


Equilibrium ratio 


Nuclide 
Mass no. (10~* disintegrations sec-'g~") 
measured 23st 


Sr 
Sr 


131 I 

132 I 

133 | I 1-0 0-2 
135 | I 35+ 0-4 
140 Ba 6-2 + 0-7 


4 * Great Bear Lake pitchblende was used for the experiments and the contribution of induced fission 
5 introduces some uncertainty. If one accepts the results shown in Table 4, these values in depleted uranium 
/61 should be approximately 20 per cent smaller. The strontium isotopes are now being isolated from Belgian 


Congo pitchblende, and the ratios **Sr/***U and *°Sr/***U in this mineral will be measured 


spontaneous fission of **U and to make a preliminary estimate of the spontaneous 
fission half-life by the use of the following relationship: 


238 Vi (5) 


7 
i 130 


where, ™*/N is the number of atoms of =I 
fission products at mass number i in equilibrium with ** 
Anestimate of the valueof } NA, can be made assuming that the value of N,A, at 
130 
each mass number will be represented by the smooth broken line in Fig. 1. A value of 
72 x disintegrations min”! of was thus obtained. Introducing this value 


, and N,A, is the cumulative activity of the 


into equation (5), one obtains a value of 7 S 10" years for the spontaneous 
fission half-life of *U, which is in excellent agreement with the value reported by 
SeGre””, 

Introducing the value of T 


2 107! min into equation (4) we have, 


AX 


R 35. 


5-88 10's (6) 


) F. T. Asuizawa and P. K. Kuropa, J. Inorg. Nucl. Chem. 5, 12 (1957) 
*) P. L. Parker and P. K. Kuropa, J. Inorg. Nucl. Chem. 5, 153 (1958) 
*) P. K. Kuropa, Annual Progress Report, AEC Contract (AT-40)-1313 February (1959). 


5 
89 4-1 + 1-0* 
9 48 0-4* 
91 Sr 4 3 
92 | Sr 8i3 
9 | Mo | 4440-4 
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The values of R in Belgian Congo pitchblende and in Great Bear Lake pitchblende, 
calculated from equation (6), are shown in Table 4. 
The values of R thus obtained are in excellent agreement with values obtained by 
previous investigators by entirely different methods. 
WETHERILL™, using the mass-spectrometric measurements of xenon isotopes in 


10 
/ 
J | | 
| 
| 
| 
3 05 
Experimenta Downts 
Mirror points 


Moss number 


Fic. 1.—Equilibrium ratios of the fission products/***U in non-irradiated natural and depleted Vol. 
uranium salts. (A value of two for the number of spontaneous fission neutrons emitted has 16 
been used in order to plot the mirror points.) 
1960/61 


TABLE 4.—THE RATIO (R) OF INDUCED FISSION VS. SPONTANEOUS FISSION IN PITCHBLENDE 


A oN 
Disintegrations x Number of atoms is 
g (%) of *Cl per gramme 
of chlorine of mineral , 


(1) Belgian Congo 7+1 0-03 38 x 10"* 0-33 
pitchblende 

(2) Great Bear Lake 4! | 0-02 | 2:5 x 10'* 0-19 
pitchblende | 


uranium minerals, reported that approximately 35 per cent of the fission in Belgian 
Congo pitchblende (44”,, U) was neutron-induced. Thus, 


I I 
R === ——|1—=—] =0-35/(1 — 035) = 0-54. 
S S+I 

The fact that the value of R for Belgian Congo pitchblende obtained by WETHERILL 
(R = 0-54) is somewhat higher than the value obtained in Table 4 (R = 0-33) may 
well be due to the fact that the method employed by WETHERILL yields an average value 
of R throughout the entire geological life-span of the mineral, which is believed to be 
approximately 600 million years according to the lead uranium age of the mineral, 


80 92 04 é 28 a0 62 
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The ratio of induced fission vs. spontaneous fission in pitchblende 


whereas the radiochlorine data yields an average value of R during the recent time- 
interval comparable to the half-life of **Cl (308,000 years). Due to the relatively short 
half-life of *°U as compared with “*U, the “*U/**U ratio in uranium minerals would 
have been greater than the ratio in today’s minerals by a factor of approximately two. 
FLEMING and THope™? reported that the ratio of induced fission to spontaneous 
fission in Great Bear Lake pitchblende (a mill concentrate; original uranium content 
unknown) was approximately 10 per cent. The value of R = 19 per cent obtained by 
the radiochlorine method is higher than the value obtained by FLEMING and THODE, 
and is probably due to the difference in uranium contents of samples used. 
PURKAYASTHA and MARTIN"® reported the results of their studies on the natural 
production of I in pitchblende. These workers used the activation analysis method 
for the determination of }*I, and compared their results with those for Xe deter- 
mined mass-spectrometrically by FLEMING. The mass-spectrometric method yielded a 
value of R = 0-32 for pitchblende A (82 % U) and a value of R = 0-49 for pitchblende 
B (64 ° U), whereas the *I method yielded a value of R = 0-53 for pitchblende A and 
R = 0°59 for pitchblende B. Considering the fact that the uranium contents of the 
pitchblende samples used by PURKAYASTHA and MARTIN were much higher than those 
used by the present authors, the agreement does not seem to be unreasonable. 
Further studies along these lines are in progress in this laboratory. 


Acknowledgement—This investigation was made possible by support from the U.S. Atomic Energy 
Commission. 


©) B.C, PuRKAYASTHA and G. W. Martin, Canad. J. Chem. 34, 293 (1956). 
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THE HALF-LIFE OF ANTIMONY-125* 
E. H. KLenr and A. F. Voicr 


Institute for Atomic Research and Department of Chemistry, 
lowa State University, Ames, lowa 


(Received 25 March 1960) 


Abstract—The half-life of antimony-125 separated from uranium fission products has been determined 
to be 2-6 + 0-1 years by measurements on a Lauritsen electroscope over a 5 year period. 


Two distinct values for the half-life of antimony-125 are found in the literature, 2-7 
and 2-0 years. The 2:7 year value is an early measurement determined by Leaper and 
SULLIVAN”) during the Manhattan project by counting three samples with a mica 
window G-M tube over a period of half a year. The value of 2-0 + 0-2 years is a 
more recent determination by Lazar") obtained by measuring the areas under two 
peaks from y-ray scintillation spectrometer tracings at two times which were one year 
apart. We have measured a sample of this nuclide regularly over a period of two 
half-lives, 5 years, in order to obtain a more accurate value of its half-life. 

Fission product antimony was isolated from irradiated uranium which had stood 
about 3 years after removal from the reactor. The separation method involved two 
precipitations as the sulphide, extraction from a saturated oxalic acid solution into 
ethyl acetate, and final reduction to metallic antimony with chromous chloride. The 
finely divided metal was filtered and the sample was covered with a thin coat of 
paraffin wax. 

Measurements were made with a Lauritsen electroscope in a modified housing‘? 
with aluminium foil windows of 3 mg/cm* thickness. A uranium standard was used 
for each measurement in order to correct the observed antimony activity for instru- 
mental instability. This correction was always less than 3 per cent. The data are 
shown in Fig. 1. Measurements for Curve A were made with no added 
absorber and for Curve B with 35 mg/cm* of aluminium absorber over the sample. 
The lines shown are the result of least-square calculations which gave 2-69 + 0-05 
years for Curve A and 2-53 + 0-05 years for B. 

The possibility that these curves might be distorted by the 58 day '*°"Te daughter 
of ™Sb was considered. This isomeric state decays by two y-transitions of 110 and 
35 keV energy, both highly internally converted.'*) The unconverted y-radiation 
from these transitions involves about 7 per cent of the "Te decays, and this isomer 
occurs in about 25 per cent of the ™Sb decays so that less than 2 per cent of the total 
°Sb transitions give rise to a y-ray in'°"Te. The L and M conversion of the 110 keV 
transition produces the most energetic electrons from '”Te with an energy of about 

* Contribution No. 870. Work was performed in the Ames Laboratory of the U.S.A.F.C 


" G. R. Leaper and W. H. SuLtivan Radio Chemical Studies: The Fission Products (Edited by C. D. 
CorYeELL and N. SUGARMAN) NNES, Plutonium Project Record, Div. IV, Vol. 9. p. 934. McGraw-Hill, 
New York (1951) 
N. H. Lazar, Phys. Rev. 102, 1058 (1956) 
A. F. Voict in F. M. User, Biophysical Research Methods ¢ hap. 17, p. 613. Interscience, New York 
(1950) 

*' J. C. Bowe and P. Axet. Phys. Re 85, 858 (1952) 
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105 keV. The range of electrons of this energy is 16 mg/cm*. Since the sample was 
covered with at least 0-5 mm or 40 mg/cm? of wax, these electrons would not con- 
tribute to the rate of discharge of the electroscope. The efficiency of the electroscope 
for y-radiation is only a few per cent of its efficiency for -rays so that the ionization 
from the unconverted "Te y-rays would be well under 0-1 per cent of the contri- 
bution from °Sb betas. One would thus expect no observable effect on the decay 
curve from the growth of "Te in the antimony sample. 


20 


ACTIVITY (DIVISIONS /MINU TE )—= 


100 300 500 70 300 1300 SOO #800 


— 


Fic. 1.—Decay curve of *Sb; Curve A is the decay curve with no added absorber, Curve B 
with 35 mg/cm? of Al absorber 


A y-tay spectrum was taken on the sample at the end of the counting period using 
a 3 x 3 in. Nal (T1) crystal and a 256 channel analyser ‘RCL Model 20611). Promi- 
nent peaks were obtained at 35, 120, 185, 455 and 637 keV in substantial agreement 
with results by Lazar") and by SiEGBAHN and Forstinc®’. The absence of other 
peaks is evidence of essential purity of the sample. A half-life of 26 + 0-1 years is 
Suggested as being consistent with these measurements. 


K. SIEGBAHN and W. Forstino, Arkiv Fysik 1, 505 (1949). 
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NEW NEUTRON DEFICIENT ISOTOPES OF KRYPTON 


F. D. S. BuTeMENT and G. G. J. Boswe_i* 
Department of Inorganic and Physical Chemistry, 
The University, Liverpool 


(Received 24 May 1960) 


Abstract—Two new activities have been found in the neutron deficient isotopes of krypton produced 
by [p, xn] reactions on bromine. The half-lives have been determined as 12-0 + 1-0 min and 5-5 + 0-4 
min. These activities are assigned to “*Kr and “Kr respectively on the basis of their genetic relation- 
ships with bromine isotopes. 

The isotope “Br has been observed to emit a positron with a maximum energy of 4-7 MeV and the 
half-life of this isotope is 25-7 + 0-9 min 


Tue lightest known isotope of krypton, **Kr, has a half-life of 9-7 hr™ and the nucleus 
contains only two neutrons less than the stable Kr (Fig. 1). Preliminary work in this 
Department by MORENO Moreno has indicated” that a more neutron deficient 
isotope with a short-life may exist. The unknown isotopes “Kr, “Kr and ®Kr might 
have half-lives long enough to enable the decay to be followed using simple apparatus. 
We decided to attempt the production of new neutron deficient isotopes of krypton 
by bombarding lithium bromide targets with 280 MeV protons from the Liverpool 
Synchrocyclotron. 


Kr 73 | Kr 74 | Kr 75 | Kr 76 | Kr 77 78 
| 


| 


Br 72 | 73| | B75 | Br 76| B77 


Short 2m 55m | oth | tm 


Se 7! | Se72 Se 73 Se 75 |/Se 76 


45m 974 Tih Stotie 


Fic. 1. 


EXPERIMENTAL 


Fifty milligrammes of dry A.R. quality lithium bromide was sealed into a small thin walled silica 
target tube, which was then irradiated with a 1 “A beam of 280 MeV protons for 20 min. 

The silica tube was broken inside a closed system to prevent leakage of the active gas, and dropped 
into boiling 2 M sodium hydroxide solution containing hold-back carriers for the appropriate 
spallation products. The liberated krypton was mixed with carbon dioxide as a carrier and was bubbled 
through a series of solutions containing oxidizing and reducing agents together with more hold-back 
carriers to remove gaseous impurities from the gas stream. At the end of the purification the carbon 
dioxide was absorbed by a solution of potassium hydroxide, thus leaving only a small volume of air 
containing the krypton. About 15 min elapsed between switching off the proton beam and having the 
pure gas ready for experiments. 


* Present address: College of Technology, Liverpool, 3. 


') A. A. Carretro and E. O. WuG, Phys. Rev. 93, 175 (1953). 
A. Mor—eNoO Moreno. Unpublished work. 
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Counting techniques 

A special counting apparatus was designed to follow the decay of the krypton gas and continually 
remove the decay products, so that the krypton decay curve is free from activities due to decay 
products. The krypton gas was contained in a thin-walled glass bulb mounted on a vertical glass 
stem. Periodically, sodium hydroxide solution could be pumped through a jet in the base of the glass 
stem so that the walls of the vessel were completely washed down. The wash liquor drained back into 
the stem and was returned to the circulating pump via a reservoir. The scalers recording the decay 
and the pump controlling the washing were operated by a time switch working on a six minute cycle. 
The counts from various detectors were recorded by the scalers for 5 min, the scalers were then 
switched off for 1 min, and the pump operated for 45 sec to wash out the decay products, the wash 


Fic. 2.—Decay of krypton isotopes. (a) 12 min. (b) approx. 20 hr. (c) 71 min. 


liquor being allowed to drain before the next cycle commenced. The counts recorded by the scalers 
in each cycle were printed and the apparatus would work continuously for two weeks without attention. 

Another apparatus was used to extract the bromine daughters of the active krypton at regular 
intervals, so that the decay of the krypton isotopes could also be observed using the “milking” 
technique. 

RESULTS 

A typical curve of the krypton produced by a [p, xm] reaction on a lithium bromide 
target is reproduced in Fig. 2. The decay curve shows three components, one with 
a half-life of 21 min, a main component of I-1 hr due to Kr‘ and a longer one 
of apparently about 20 hr which was shown, by a study of the y-ray spectra, to be 
due to a mixture of Kr and **Kr. 


Krypton-77 
The krypton produced in these bombardments always contained a large pro- 
portion of “Kr. The half-life of this isotope has been re-determined. In a series of 


’® L. L. Woopwarp, D. A. McCown and M. L. Poot, Phys. Rev. 74, 761 (1948). 

S. Tuuutn, Arkiv. Fysik 9, 137 (1955) 

J. Beypon, R. CHaminape, M. Crut, H. Faracai, J. OLKowsxy and A. Papingau, Nucl. Phys. 2, 593 
(1957) 

‘©) M. ATTERLING, J. Beypon and J. O_txowsxy, Nucl. Phys. 2, 619 (1957) 
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SIX experiments the mean value was found to be 71+] 0-5 min (standard deviation) 
which is slightly lower than the value reported by THULIN"), 


Kryptons with mass numbers less than 76 

When a decay curve of krypton activities was analysed graphically, a short-lived 
component always remained after the long lived and 71 min activities had been 
subtracted from the total activity. The short lived component had a half-life of about 
12 min with indications of an even shorter component having a half-life of about 
5 min. These decays were attributed to new isotopes of krypton. 

It was very difficult to examine the radiations from these short lived isotopes in the 
presence of intense radiations from the longer lived isotopes. Experiments designed 


TABLE | 
Bromine Krypton 


Half-life Half-life 
daughter | parent 


"Br hr 
16 hr | 
Br 1-6 hr Kr unknown 
“Br? 26 min | unknown 


| 


to improve the detection ratio. on a Geiger counter, of activities with half-lives 
longer than 12 min using aluminium absorbers up to a thickness of 500 mg/cm? 
were not successful. 


71 min 
9-7 hr 


The best values of the half-lives of these isotopes were established by milking 
the bromine daughters at regular time intervals. Discussion of these experiments 
will be deferred until the nature of the bromine decay products has been described. 


The bromine decay products of the new Krypton isotopes 


Examination of the bromine decay products of the krypton showed that there 
were four isotopes involved. The results are shown in Table I. 

The bromine daughters of the known isotopes of krypton were found, together 
with “Br which must have been a decay product of one of the new isotopes of krypton. 
It was difficult to assign a mass number to the 26 min bromine activity. If it were 
due to the decay of Br then the half-life conflicted with previously reported values 
of 36 min and 42 + 5 min. The possibility that the 26 min activity was due to 
“Br was eliminated because the decay product Se was not found in the decay 
products of krypton purified 25 min after irradiation. 


The 26 min bromine isotope 


This activity was not produced in useful quantities from spallation reactions 
(380 MeV protons) using target materials containing yttrium, strontium or rubidium. 
It is best obtained by allowing the krypton spallation products of [p, xn] reactions 
on bromine to decay for 5 min in contact with an alkaline solution containing bromide 
carrier and precipitating silver bromide. The range of the [presumed] positrons 


”) J. M. HOLLANDER, Phys. Rev. 92, 518 (1953) 
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from the 26 min bromine activity was found to be 2-4 g/cm* in aluminium corre- 
sponding to a maximum energy of 4:7 MeV. This very energetic positron enabled 
the decay to be followed under favourable conditions. Aluminium foil of thickness 
750 mg/cm? was sufficient to prevent low energy positrons from “Br and “Br reaching 
the Geiger counter. Fig. 3 shows a decay curve obtained in this way. The long tail 
is due to the 3-5 MeV positrons from “Br. This experiment shows quite clearly 
that the half-life of the bromine isotope is 26 min. Although the foils stopped positrons 
from *Br and 7’Br, the counter was still slightly sensitive to y-radiations from these 


5 
hw 


Fic. 3.—-Decay of bromine isotopes. (a) 25-7 min. (b) 16-3 hr 


isotopes. The half-life of the short lived bromine was determined ina series of experi- 
ments in which the bromine activ ity was counted through an absorber thickness of 105 
mg/cm* so that the positrons from Br could be detected. The decay curves were then 
resolved into three components. The mean half-life of the short lived bromine isotope 


was 25-7 min, from twenty-one separate experiments (standard deviation 0-9 min). 


y-Spectrum of the 26 min bromine activit) 

It has been shown by Temmer“? and others'® that Se has a first excited state [2+] 
at 0-635 MeV above the ground state [0+]. The new bromine isotope was observed 
to emit a y-ray of this energy which decayed with a half-life of 26 min. Further 
radiations with energies up to 3-1 MeV were observed but good statistical accuracy 
could not be achieved using the single channel pulse height analyser available. On this 
evidence and upon the fact that “Se is not observed we assign the 26 min bromine 
activity to “Br. 


The half-life of Kr 
The half-life of “Kr was obtained by milking bromine from kry pton at successive 
intervals of either 10 or 12 min and then finding the yield of “Br by examining the 


‘*'G. M. Temmer and N. P. HeypensurG, Phys. Rev. 104, 967 (1956) 
R. K. Gircis and R. VAN Liesnout, Physica 25, 688 (1959). 
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decay curve of each bromine fraction counted through 750 mg/cm* of aluminium. 
The chemical recovery of the bromine from each fraction was found by comparing 
the amount of “Br produced from Kr which has the much longer half-life of 9-7 hr. 
Fig. 4 shows the corrected yields of “Br plotted against time of separation. The 
half-life of “Kr based on ten experiments was 12-0 + 1-0 min. 


The half-life of Kr 
The half-life of "Kr was obtained using a similar technique but this time bromine 
was milked from krypton during successive 5 min periods. Each bromine fraction was 


| 


10 3x 40 
min 


Fic. 4.—Yields of Br milked from krypton at 12 min intervals. 


counted through 105 mg/cm* of aluminium to stop the few positrons from “Br. 
The corrected yields of “Br are plotted against time in Fig. 5. The mean half-life 
of ®Kr was 5-5 + 0-4 min. 


Bromine grown from 24 hr old krypton 

Krypton which had been prepared for 24 hr was repurified and then bromine was 
allowed to grow for a further 12 hr. When this bromine was examined the only 
activity found was due to “Br. Thus there are no other long lived isotopes of krypton 
giving radioactive bromine daughters. The “Br obtained in this way was entirely free 
from other activities and the half-life could be determined accurately. Other workers 
have always determined the half-life from a source which was contaminated with 
other activities. Our value of 16-3 + 0-3 hr may therefore be more reliable than the 
other reported values of 15-7 hr,2® 17-2 hr®” and 17-5 hr. 


Detection of a 4 min bromine activity 
On one occasion a pure krypton fraction was obtained within 16 min of switching 
off the cyclotron beam. Bromine was milked from this krypton for | min, and the 


“0 H. H. Hopkins and B. B. CUNNINGHAM, Phys. Rev. 73, 1406 (1948). 
0) §. G. Fuitz and M. L. Poot, Phys, Rev. 86, 347 and 631 (1952). 
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decay of the bromine fraction was being recorded 11 min later. When the decay 
curve was analysed the most abundant activity was due to “Br which had grown 
from the 5-5 min “Kr but there was also a short-lived activity with a half-life of 4 min. 
HOLLANDER”? found that a 4 min activity was produced by bombarding “Cu with 
carbon ions and he assigned the activity to a bromine isotope with a mass number 
less than seventy-four. If our activity was due to a bromine isotope then the krypton 
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Fic. 5.—Yields of Br milked from krypton at 5 min intervals. 


parent must have a half-life longer than about 2 min. Further investigations on 
krypton isotopes of mass numbers less than seventy-four are being carried out. 
Until the results of these experiments are available this bromine activity and its 
krypton parent must be regarded as uncertain, for it is possible that the activity was 
due to contamination by ™Se. 


DISCUSSION 


The assignment of the 12 min krypton activity to “Kr rests upon the assumption 
that the observed bromine daughter, which has a half-life of 26 min, is “Br. HOLLAN- 
per observed a 36 min activity in a bromine fraction produced by bombarding 
copper with 90 MeV carbon ions. The isotope was assigned to “Br on the basis 
of the relative yields from enriched “Cu and ®Cu targets. BeyYDON et al." reported 
a y-ray with a half-life of 42 + 5 min. This radiation was also assigned to “Br. 
Apparently the 0-635 MeV y-ray from the first excited state of “Se has been observed 
in both our research and in the work of BEYDON ef a/., a strong indication that the 
assignment of the 26 min bromine activity to “Br is correct. 
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THE THERMAL DECOMPOSITION OF IRRADIATED 
RUBIDIUM PERMANGANATE 
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Rhodes University, Grahamstown, South Africa 


(Received 1 March 1960) 


Abstract—The thermal decomposition of RbMnO,, pre-irradiated in the spent fuel facility at Harwell 
and in a hollow uranium slug in BEPO, has been investigated in the temperature range 195°-245°, 
The results for y-irradiated RbMnO, are similar to those for irradiated AgMnO, and KMnO, and the 
mechanism proposed for the latter is again suggested. The activation energy for the migration of 
point defects over the induction period is 1:59eV. The p-s plots for pile irradiated RbMnO, are 
complex, and have been explained in terms of a mechanism involving the formation of thermal and/or 
displacement spikes 


PRE-IRRADIATION of crystals of AgMnO, and KMnO,” by Co y-rays causes 
pronounced changes in the subsequent thermal decomposition in high vacuum. The 
characteristic changes are a shortening of the induction period, a decrease in the 
duration of the main acceleratory reaction, and an increase in the maximum velocity of 
reaction. The effects are explained by assuming that point defects are produced during 
irradiation and that these cationic defects are annealed at the decomposition tem- 
perature. The consequent formation of centres of decomposed material creates strain 
in the crystal lattice which causes fracture of the crystal. The onset of fracture marks 
the end of the induction period, after which reaction proceeds by the PRout—TompkINs 
mechanism‘ of branching planes of reaction. A systematic study of the decomposi- 
tion of pre-irradiated alkali metal permanganates should yield information as to the 
effect of varying the size and atomic weight of the cation involved. Consequently the 
decomposition of pre-irradiated RbMnO, was studied. 

The thermal decomposition of unirradiated RbMnO, in the temperature range 
215°-255° has been investigated. The pressure-time plots for the decomposition of 
whole crystals resemble those for the decomposition of whole crystals of K MnO,. 
The “induction period” is a slow reaction during which the evolution of oxygen 
is linear with time. The acceleratory and decay periods follow the PRout-TompPKINS 
equation, 


log [p/(p, — p)] = kt + c (1) 


if the origin is taken as the end of the induction period. The induction period is 
eliminated by grinding the crystals. 


EXPERIMENTAL 


The preparation of crystals of RbMnO, (2:5 mm » 0-5 mm). the apparatus and the procedure 
used were as previously described."*) Whole crystals were ground to a fine powder in an agate 
mortar. Approximately 20 mg of whole and ground crystals were decomposed for a run. Normaliza- 
tion to a common final pressure was done for comparative purposes. 

'’ E. G. Prout and M. J. Sore. J Inorg. Nucl. Chem. 9, 232 (1959) 

E. G. Prowr, J Inorg. Nucl. Chem. 7, 368 (1958) 

E. G. Prout and F. ¢ TompPKIns, Trans. Faraday Sox 40, 488 (1944) 
P. J. Hercey and E. G. Prout, J. Phys. Chem 64, 675 (1960) 
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Pre-irradiation with y-rays was performed in the spent fuel facility at Harwell. The dose rate 
was 4 Mrad hr-', and the samples were enclosed in sealed Pyrex glass ampoules. Irradiations were 
also carried out for one week at approximately 50° in a hollow uranium slug in BEPO. The approxi- 
mate fluxes were: fast neutrons, 3 10"' neutrons cm~* sec~'; thermal neutrons, 1-3 10" neutrons 
cm~* sec". The samples were contained in sealed silica ampoules and were decomposed two months 
after irradiation. 


RESULTS 

The decompositions at 220° of whole and ground crystals pre-irradiated by y-rays 
(dose = 10 Mrad) were highly reproducible, since the p-t plots for three consecutive 
runs were, in each case, almost superimposable. No mass effect was found, k,, k, and J 
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Fic. 1.—Effect of pre-irradiation by y-rays on the thermal decomposition of whole crystals at 


A—unirradiated whole crystals; B—whole crystals, 10 Mrad; 
C—unirradiated ground crystals; D—ground crystals, 10 Mrad. 


(see later) being independent of mass for a given dose and decomposition temperature. 
The effects of pre-irradiation in the y-ray source on whole and ground crystals are 
illustrated in Fig. 1. The effect of pre-irradiation in the uranium slug is shown in Fig. 2. 

The decomposition of y-irradiated whole crystals (10 Mrad) was followed visually 
by withdrawing specimens at various times during a run and examining them micro- 
scopically. Fracture commenced at the end of the induction period and occurred 
throughout the acceleratory period. No fracture took place during the decay period. 
The final size of the particles varied between 1-4 x 10-3 — 1-8 « 10 cm. This is 
smaller than the corresponding value for unirradiated material (8 x 10-° cm), 

Figs. 2 and 3 illustrate the effects of varying the y-ray dose for a fixed temperature 
of decomposition for whole and ground crystals respectively. As with pre-irradiated 
AgMnO, and KMnQ, the length of the induction period varied with dosage according 
to the equation. 


logr = kl +c (2) 


where 7 = dose in Mrad, and / = length of the induction period. In contrast to 
unirradiated ground material pre-irradiated ground crystals show a period of slow 
reaction (the “induction period”) which precedes the main acceleration of the reaction. 
The plots of log + against / are shown in Fig. 4. 
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Interruption of the decomposition of unirradiated whole crystals after a definite 
time, irradiating in the y-ray source for a constant dose and then continuing the decom- 
position was studied as for KMnO, and AgMnO,. The results are shown in Fig. 5. 
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Fic. 2.—Effect on thermal decomposition of varying times of irradiation of whole crystals. 
B—0-26 Mrad; Mrad; D—3-3 Mrad; E—10 Mrad; F—36 


Dose: A—0O Mrad; 
Mrad; G—106 Mrad; H—whole crystals pre-irradiated for one week in hollow uranium 
slug in BEPO. 


Decomposition temperature, 220°. 
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Fic. 3.—Effect on thermal decomposition of varying y-ray dosage of ground crystals. Dose: 
A—0 Mrad; B—1:2 Mrad; C—10 Mrad; D—36 Mrad; E—106 Mrad. 
Decomposition temperature, 220°. 


The average percentage decomposition for unirradiated whole and ground crystals, 
calculated in terms of the equation 
4RbMnO, 2Rb,0 + 4MnO, + 30, 
and using the gaseous pressure of evolved oxygen, was 82:4. The corresponding 
average value for the decomposition of all y-irradiated specimens was 82-7 per cent. In 
an attempt to detect any appreciable decomposition and the subsequent trapping of 
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the generated oxygen during irradiation three separate runs were performed where the 
irradiated specimens (20 mg, 106 Mrad) were dissolved in hot water in a large decom- 
position bucket, evaporated over P,O,, in a desiccator, and then decomposed at 230°. 
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Fic. 4.—Relation between induction period (I) and irradiation dose (r). A—whole crystals, 
decomposed at 230°; B—whole crystals, decomposed at 215°; C—ground crystals, decom- 
posed at 220 
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Fic. 5.—-Curves showing the effect of interrupting a decomposition at time shown by appro- 
priate arrow, irradiating in y-ray source (dose, 9 Mrad), and then continuing decomposition 
with original ¢ = 0 min 
Times of interruption as indicated by arrows: A—uninterrupted; B—0O min; 50 min; 

100 min; ©—177 min; 205 min; 258 min 


No RbMn0, was lost during solution or evaporation. The average percentage decom- 
position was 82-0, indicating the absence of any experimentally determinable decom- 


position during irradiation. 

The applicability of the Prout-Tompkins equation to the p-t plots of y-irradiated 
whole and ground crystals was tested. In this the origin was transferred to the end of 
the induction period. Figs. 2 and 3 show that the equation describes the decay periods 
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of all decompositions and the acceleratory periods of the decomposition of whole 
crystals if the maximum velocity attained is less than the limiting value. The accelera- 
tory periods of the decompositions of whole crystals pre-irradiated for doses greater 
than 10 Mrad, and the corresponding periods for ground crystals are partly represented 
by the equation. Activation energies were determined from the values of k (k, for 
the acceleratory period, k, for the decay period). The activation energies are tabulated 
in Table 1. The estimated accuracy for these values is 1-5 kcal/mole. 


TABLE | 


Specimen E, (kcal/mole) E, (kcal/mole) 
Whole crystals, 3-3 Mrad 41-5 38-2 
Whole crystals, 10 Mrad 40-4 41-1 
Whole crystals, 106 Mrad 41-5 41-0 
Ground crystals, 10 Mrad 39-2 38-3 


The plots log / vs. 1/7 K for whole and ground crystals for a fixed dose are straight 
lines (Fig. 6.) The activation energies calculated from the slopes are tabulated in 
Table 2. 

The p-t plots for the decomposition of whole crystals pre-irradiated in the hollow 
slug are of a complex shape (Fig. 7) and differ considerably from those for y-irradia- 
ted specimens. A series of decompositions at different temperatures was carried out. 
Microscopic observation of specimens withdrawn at various times (see Fig. 7) 


TABLE 2 


Activation energy 


Specimen (eV) 


Whole crystals, 3-3 Mrad 1-50 
Whole crystals, 10 Mrad 1-44 
Whole crystals, 106 Mrad 1-64 
Ground crystals, 10 Mrad 1-78 

Mean 1-59 


showed that disintegration commenced at f= 9 min and proceeded extremely 
rapidly until ¢ = 16 min when the particle size was ~2°4 « 10°* cm. Thereafter, 
fracture took place at a slower rate and was complete at f = 45 min when the particle 
size was ~1 « 10°-°cm. The average percentage decomposition was 83-7. 


DISCUSSION 
The results for y-irradiated whole and ground crystals are similar to those for pre- 
irradiated KMnO, and AgMnQ,, and consequently the mechanism proposed for the 
decomposition of these two substances is again suggested. The interaction of the 
y-rays will occur principally by the Compton effect" and the crystals will be internally 
bombarded by fairly energetic electrons. Displacement of Rb* ions will occur by 
interaction with these electrons, producing primary knock-on atoms, with a few 


'5) R. D. Evans, The Atomic Nucleus. McGraw-Hill, New York (1955). 
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Fic. 6.—Activation energies for induction period. 
A—whole crystals, 3-3 Mrad; B—whole crystals, 10 Mrad: 
C—-ground crystals, 10 Mrad; D—whole crystals, 106 Mrad. 
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Fic. 7.—Effect of pre-irradiation of whole crystals for 1 week in hollow uranium slug. 
A—pressure-time plot for decomposition at 205°; B—plot for Prout Tompkins equation 


secondaries. The annealing of point defects and the creation of strain over the induc- 
tion period will follow the pattern suggested for irradiated KMnO,. The mean acti- 
vation energy of 1-59 eV indicates the migration of vacancies over the induction period. 

The results shown in Fig. 5 again indicate that different types of nuclei operate in 
unirradiated and irradiated material, although the delay phenomenon is not as well 
marked in the acceleratory period as with KMnO, and AgMnQ,,. This is due to the 
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fact that the saturation maximum velocity, with increasing y-ray dosage, is not suffi- 
ciently different from the maximum velocity of unirradiated material. As with AgMnO, 
and KMnQ,, interruption and irradiation in the decay period produces no effect. The 
“induction period” which occurs in the decomposition of y-irradiated ground RbMnO, 
probably represents the growth of “irradiation nuclei” prior to fracture, and the “nor- 
mal nuclei”. It has been shown above that for whole crystals the acceleration of the 
decomposition by a reaction proceeding from irradiation nuclei is independent of the 
reaction originating from the nuclei ordinarily operative in unirradiated material. 

Irradiation in a hollow uranium slug will produce atomic displacements as a result 
of fast neutron and y-ray interaction. In addition, however, fast neutrons will produce 
thermal and/or displacement” spikes. In RbMn0O, these will not consist of centres 
of disorganised matter, but rather of decomposed material. Thus the centres which 
ultimately fracture the crystal will be preformed and of a greater density than in y- 
irradiated material. At the decomposition temperature these will grow by an interface 
reaction similar to that occurring during the decay period. The early fracture, and 
initial rapid acceleration of the reaction to t = 16 min (Fig. 7), is probably associated 
with the rapid growth of these centres. After this rapid disintegration reaction should 
proceed by the Prout-Tompkins mechanism. If the origin is transferred to t = 16 min 
and the corresponding p value, it is found that the Prout Tompkins equation is a good 
fit (Fig. 7), yielding two constants. The decay period, however, shows a discontinuity 
at ~~ 75 min after which the evolution of gas is almost linear with time. This is to be 
expected since the undecomposed fragments at this time will be extremely small and 
thus the evolution of gas at the small contracting reactant/product interface will be 
approximately linear with time. The plots of log k,, log k, and log ks, against 1/T K, 
where k, and k, are the constants for the Prout-Tompkins equation, and k, the con- 
stant for the linear relationship, are well defined straight lines. Activation energies 
calculated from these plots are, E, = 36-5, E, = 40-6 and E, = 38-8 kcal/mole. The 
estimated accuracy is 2 kcal/mole. 

The activation energies for unirradiated whole crystals of RbMnO, are 39-5 and 
40-2 kcal/mole for the acceleratory and decay periods respectively. The corresponding 
values for unirradiated ground crystals are 38-3 and 39-5 kcal/mole. The activation 
energies for irradiated RbMnO, are in close agreement with these values, indicating 
that the same chemical reaction occurs. 

The high degree of reproducibility of results with pre-irradiated KMnO, and 
RbMn0O,, together with the relationship given by equation (2), suggest that the decom- 
position of irradiated material might form the basis of a radiation dosimeter. 


Acknowledgement—The authors wish to thank the C.S.I.RAS.A.) for a grant to cover the cost 
of irradiations and for a scholarship held by one of us (P. J. H.) during the investigation. 
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Abstract—Broad-line proton magnetic resonance absorption lines for derivatives of ferrocene have 
higher second moments than those observed for ferrocene. This is interpreted in terms of the slowing- 
down of the motion of cyclopentadienyl rings resulting from substitution in one or both rings. The 
trend is found to depend on the size of the substituent, and to increase with substitution in both rings. 
Such substitution favours a freezing of motion more readily than in ferrocene itself, which gives a 
somewhat narrow line (OH = 4 Gauss) even at 77°K. Anomalous narrowing of absorption lines, 
observed in some cases at temperatures below room temperature, is discussed. Results of theoretical 
calculations of second moments for the rigid and motional models of ferrocene are presented. A 
comparison of these with the experimental values places the concept of rotation of rings in ferrocene 
on a sound basis. 


FREE internal rotation of the cyclopentadiene rings in ferrocene is suggested by the 
electron diffraction pattern of its vapour,) by its infra-red and Raman spectra, by 
measurements of dipole moment,” and by chemical studies." X-Ray crystallo- 
graphic studies*-™ indicate that the rings occupy fixed staggered positions in the 
crystal, yet even here the apparent spreading of the carbon atoms along the circum- 
ference of the ring is regarded as being due possibly to hindered rotation of a fairly 
large amplitude. Molecular orbital calculations"*" have indicated no hindrance to 
the rotation of the rings. Such rotation would explain the absence of isomerism for 
the heteroannular derivatives of ferrocene. (The term heteroannular will be employed 
to designate derivatives of ferrocene in which both rings are monosubstituted.) 

In the light of such evidence it is interesting to inquire into the nature of the mo- 
lecular motion in ferrocene and its derivatives, in the crystalline state. Nuclear magnetic 
resonance studies"® of crystalline substances have proven very useful in describing 
molecular motions of this sort, and have been used previously to support the concept 


* Paper presented at the 136th meeting of the American Chemical Society, September, 1960. 
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of motion of cyclopentadienyl rings in ferrocene itself.” We now have undertaken a 
more detailed study of the proton magnetic resonance absorption of ferrocene and 
some of its derivatives, with special attention to comparative line widths and shapes. 


EXPERIMENTAL 


Proton magnetic resonance absorption was studied as a function of frequency at various tempera- 
tures by means of a Pound—Watkins type of radio-frequency spectrometer''*) and some auxiliary 
equipment which has been described previously.” A modulation frequency of 280 c/s was used. 
Absorption occurred in the neighbourhood of 17-8 mc, and the radiofrequency signal was monitored 
at roughly equal intervals of time by a BC-221 frequency meter. Saturation effects were avoided by 
using the lowest possible radinfrequency level, and low values of modulation (about a tenth of the 
line width) were used to prevent distortion of line shape. From the resulting derivative curves, the line 
width (OH, the frequency interval between points of extreme slope of the absorption curve) was 
measured and the second moment (\H,*) was calculated. 


RESULTS AND DISCUSSION 


Ferrocene 

Before interpreting the results for ferrocene, it is necessary to estimate the effect 
of various motions on the second moment of the proton magnetic resonance absorp- 
tion. The crystal structure of the substance is well known."?-™) The inter-proton 
distances are shown in Fig. 1. From this information it is formally possible to calculate 


Vol, 
16 
1960/61 


Fic. 1 Proton interactions in ferrocene. 


R, = 2676 A, R, = 4-330 A, R, = 3-606 A, R, = 4-958 A, R;, = 5-636 A 


AH,? quite exactly for any particular state of motion by use of the theory of VAN 
ViecK™ (as modified by PowLes and Gutowsky"" and others). However, in this 
instance the protons are rather ev enly distributed throughout the lattice, so that each 
proton has a rather large number of near neighbours. Coupled with the inherent 
complexity of handling motions in which the internuclear distance changes, this fact 
has required us to defer the exact solution until some later date. It is hoped that it 
will prove sufficient for the present to quote the following simplified calculations and 
to choose the most appropriate values: for isolated ferrocene molecules (i.e. no 


7) L. N. Mutay, E. G. Rocnow and E. O. Fiscuer, J. Inorg. Nucl. Chem. 4, 231 (1957). 

"*) R. V. Pounp and W. D. KNIGHT. Re: Sci. Instrum. 21, 219 (1950). 

19) L. N. Mutay, Rev. Sci. Instrum 28, 279 (1957) 

2°) J. H. VAN Vieck, Phys. Re: 74, 1168 (1948) 

J. G. Pow.es and H. S. Gutowsxy, J. Chem Phys. 21, 1695 (1953); Jbid. 23, 1692 (1955). 
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intermolecular interactions), rigidly fixed in a crystal lattice but randomly oriented as 
in a crystal powder, the VAN VLECK treatment yields AH,* = 2-4 Gauss® as the 
expected second moment. Following the treatment of PowLes and Gutowsky™” to 
estimate AH,? for a similarly isolated ferrocene molecule rotating rigidly (without 
internal rotation) about the 5-fold axis of symmetry yields a value of 0-7 Gauss*. 
Based on the known crystal structure,’ AH,” for a ferrocene crystal powder in the 
absence of any motion has been calculated™ to be 8 Gauss*. Our very rough estimate 
of the magnitude of the contributions of the intermolecular interactions to AH,’ for 
the rotating case suggests that about 1-5-2-5 Gauss? are to be added to the single- 
molecule calculation, giving a rough estimate of 2-3-5 Gauss* for a ferrocene crystal 
powder in which rotation is taking place about the 5-fold symmetry axis. The presence 
or absence of internal rotation is expected to have an effect of less than 0-5 Gauss* on 
this figure, and is therefore not distinguishable. Rotation about any other single axis 
is expected to give approximately the same value as for rotation about the symmetry 
axis, since the protons in the ferrocene molecule are distributed roughly uniformly 
over a sphere. For a situation in which the ferrocene molecules are assumed to be 
reorienting about a// axes, the intramolecular contributions would be expected to 
average to zero. As before, we have estimated very roughly that the intermolecular 
contributions for this case should give a AH,* of about 1-2 Gauss*. The estimate of 
the intermolecular contributions given above for the various motions are based on the 
method of PowLes and Gutowsky™”, but the procedure used to obtain the necessary 
time ay erages was only approximate. 

Proton magnetic resonance absorption in ferrocene was observed at several 
temperatures, and AH,? was determined for some of these. The data are given in 
Table 1, along with a summary of the theoretical figures given above. The value of 
6H is calculated for Gaussian lines, i.e. OH = 2(\H,*)'*. 


TABLE 1.—-COMPARISON OF THEORETICAL AND EXPERIMENTAL SECOND MOMENTS AND LINE 


WIDTHS FOR A FERROCENE CRYSTAL POWDER 


Theoretical OH (Gauss) 


Calculated—no motion 
Estimated—rotation about 5-fold symmetry 
axis (with or without internal rotation) 2-35 8-3-7 


Estimated—free reorientation about all axes 


I xperimental ( K) 


298 
194 14+ 0-5 2:2 


ii 


63 ~7-0 


4 broad 


If we disregard for the moment the values at 194°K, these data are rather easily 
interpreted. The observed AH,* at 298°K is within the range of values suggested for 
rotation about the 5-fold axis. In view of the reported crystal structure, this seems 
to be the most probable axis of rotation. Since the Fourier density map of the unit 
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cell shows not only the two cyclopentadiene rings rather clearly, but »!so identifies the 
location of the carbon atoms in each ring to some extent, we can only say that this 
motion is probably of the nature of a hindered rotation or jumping between positions 
of equilibrium. Large-amplitude oscillation without jumping would not be expected 
to be a motion sufficient to produce so narrow a line. 

The problem of internal rotation cannot be decided on the basis of the present 
evidence. The observations at 77°K and below give indication that this motion may be 
frozen out at sufficiently low temperatures, and a transition seems to occur in the 
general vicinity of 77°K. According to the theory of PowLes and Gutowsky, the 
rate of motion in this region is of the order of the line width expressed in frequency 
units (~2 x 10*sec™*). It would be very interesting to be able to determine the 
manner in which this motion does freeze out, assuming that both overall rotation and 
internal rotation are occurring above this region; but unfortunately it is not possible 
to say. 

The value at 194°K is difficult to account for except in terms of saturation. HOLM 
and Ipers'**) report that in this temperature region AH,? is essentially constant, with 
a value the same as that at room temperature, but that the spin-lattice relaxation time, 
T,, varies over a large range.) It is possible that a large number of interactions of 
different kinds in the ferrocene crystal produce a situation in which 7,. varies widely 
over the entire absorption line. This would account for the fact that in these obser- 
vations the usual test for saturation (reducing the radiofrequency power level) gave no 
appreciable change in the appearance of the resultant absorption line, while the very low 
power levels used by HOLM and Isers revealed anabsorption of a considerably different 
character. These observations are supported to some extent by the observation that 
the discrepancies between 5H and AH.? are indicative of some complexity in the line 
shapes, possibly of the same origin as the complex 7, dependence. There is also the 
possibility that solid-phase transitions may be present, multiplying the complexity of 
this situation. 


alives of ferrocene 

The statements made at the beginning of the previous section may be expected to 
apply to the derivatives of ferrocene also, with some qualifications. Only a limited 
number of derivatives have been studied for their crystal structure.'24,25) The crystal 
structures of some of the heteroannular derivatives are unknown. and these may be 
quite different from that of ferrocene. This is indicated by the fact that the densities 
of the derivatives are not very similar to that of ferrocene. In general, this will affect 
the size of the intermolecular contributions to AH,*; it makes uncertain the calculated 
value of AH,” in the absence of motion, and doubly uncertain the values estimated 
for the cases in which motion is present. Second, the addition of substituents to the 
cyclopentadiene rings opens up the possibility of a variety of motions intermediate 
between no rotation and free rotation about a single axis. If one ring is tied down 
and the other is free to rotate, then a distinctly intermediate value of AH,? is to be 


2) C. H. Howm and H. A. Ipers, J. Chem. Phys 26, 1753 (1957); Ibid. 30, 885 (1959). We wish to thank 


Dr. Hot for sending us this and other information prior to publication 

*) Dr. Hom" has confirmed the observation of a similar reduction in AH,?, but also reports that he was 
n to T > it by going to very iow power levels. 
I. L. Kitorsyanova, Kristallografiya 2, 382 (1957). 


5) Yu. T. StrucuKxov, Zh. Obshchei Khim 27, 2039 (1957); Dokl. Akad. Nauk SSSR 110, 67 (1956) 
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expected. Incomplete knowledge of the crystal structure makes cases of this sort 
especially difficult to estimate with any accuracy. Further, there are no definite 
reasons to expect that the most probable mode of motion is about the 5-fold axis of 
the ferrocene skeleton. Lastly, the protons occurring in the substituent groups 
themselves represent an additional unknown quantity. Depending upon the situation, 
such groups might result in anything from a net increase in the observed dH and AH,? 
(if they are relatively stationary) to a net decrease (if they are relatively mobile and 
isolated from the other protons).'%) 


LINE WIDTHS AND SECOND MOMENTS FOR PROTON RESONANCE ABSORPTION OF 
FERROCENE DERIVATIVES 


TABLE 2. 


Compound m.p. (°C) Temperature (°K) AH,* (Gauss*) OH (Gauss) 


Acetyl ferrocene, 298 4-6 2-8 


89-90 194 | 6-0 3-0 
77 6-0 | 8-8 
1:1’ diacetyl ferrocene, 298 9-3 7-0 
130-131 194 9-6 7-0 
77 9-6 | 8-0 
Benzoyl ferrocene, 298 9-0 2-4 
108-109 194 9-4 
77 10-0 9-7 
Anilide of ferrocene 298 8-5 1-0 
carboxylic acid, 77 9-4 | 9-4 
205-207 
1:1‘(-keto trimethylene)- 298 12-7 9-0* 
ferrocene, 141-142 194 13-0 9.3* 
/61 77 14-5 9-2 


* A narrow component superimposed on the broad line was observed 


Table 2 lists the results for the various derivatives of ferrocene, 6H and AH,” being 
defined as before. The melting points of the several compounds also are indicated, 
Considering the second moments in Table 2, we find that at 298°K acetyl ferrocene 
is the only compound which exhibits any great amount of motion. More than likely 


the free ring is moving somewhat more than the unsubstituted one. It is possible that 


a substituent of the size of the acetyl group may not suppress completely the motion of 
the other ring, but it would be expected to reduce it to some sort of eccentric motion. 
As far as one may guess, the value of AH,? is about right for such a motion. At 194°K 
and at 77°K this motion is partially or wholly frozen out. Possibly the unsubstituted 
ring is still free to move somewhat, even at the lowest temperature. Although the other 
compounds do show some tendency for an increased AH,’ at lower temperatures, there 
are no indications that any motions of large amplitude are taking place. It may be 
asked why benzoyl ferrocene and the anilide of ferrocene cai boxylic acid do not have 
narrower lines than they do, for without taking into account the differences between 
the crystalline environments, it would seem that here again one ring should be free 
and one fixed, resulting in a AH,? only slightly greater than that for acetyl ferrocene. In 
answer to this question, it can only be pointed out that in acetyl ferrocene the motion 


*’ Work is currently under way at the University of Cincinnati to prepare for study some derivatives 
containing non-protonated substituents, such as perdeutero and perfluoro groups, in an attempt to 
avoid this difficulty. 
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seemed to be frozen out at some temperature intermediate between 298°K and 194°K. 
Only a slight difference between the crystal structures of these compounds or the roles 
of the substituents is necessary to cause the freezing out to occur at some temperature 
above 298°K. Quite possibly the heavier substituent restricts the freedom of the other 
ring as well as that of its own, especially if the parallel arrangement of the rings were 
to become distorted.” It is significant that the broadest lines recorded were those 
for 1 : 1’ a-keto trimethylene-ferrocene, in which a —CH,—CH,—C : O bridge joins 
| 
the two rings and precludes the possibility of independent motion. This may be 
considered to be the compound most likely to rotate about axes other than those near 
the 5-fold axis of the ferrocene skeleton. Apparently neither this motion nor rigid 
rotation about the 5-fold axis occurs. 

The values for line width, insofar as they can give any indication of the line shape, 
are somewhat more interesting and also somewhat more uncertain for these sub- 
stituted compounds. It may be seen that there is no really close correspondence 
between line width and second moment. This may be due partly to the peculiarities 
of line shape suggested in the discussion of ferrocene, or it may be due to the more 
mundane possibility that the several different kinds of protons (i.e. ring protons 
vs. substituent protons) each contribute a different simple line shape to make up the 
resultant complex line shape. It also is possible that these compounds, which are 
somewhat difficult to procure in sufficient quantity for adequate purification may have 
possessed sufficient impurity (possibly solvent of crystallization) to contribute a 
net distortion of the apparent line shape, and correspondingly to affect 6H without 
appreciably affecting AH,”. 

CONCLUSIONS 


A comparison of the observed second moments for proton magnetic resonance 
absorption for ferrocene with theoretically estimated values supports the concept of 
free rotation of cyclopentadiene rings in ferrocene. Substituting various organic 
groups for hydrogen in one or both rings results in a restriction of such motion and in 
a broadening of the absorption lines. In “bridged” ferrocene the possibility of free 
rotation of the rings is precluded, and this situation gives rise to the extremely broad 
lines expected of solids in which there is little or no motion at all. 
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(27) Such tilting without affecting stability is feasible. A bridged ferrocene with a two-carbon-atom bridge, 
in which the cyclopentadiene rings are definitely tilted, has been reported by Dr. Roy L. Pruett of 
Union Carbide Chemical Company 
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Abstract—The equilibrium pressures of H,BO,,,,, HBO,,,, and (HBO,),,,, have been determined by 
a transpiration method in the temperature region 1000°-1273°K. From these data, the calculated 
heats of formation are: 

AHy,.. {HBO,,,,] 134-9 + 1 kcal/mole, and 


537'5 + 3 kcal/mole 


THE existence of gaseous hydroxides of boron has been known for many years 
STACKELBERG and co-workers" observed the sublimation of H,BO, and determined 
the heat of formation of the gas. MARGRAVE and DAMRON™ postulated that HBO,,,, 
was a Significant species in water vapour over B,O, in the 500°-900°C range from 
studies of log Py » vs. log P (boron species) curves, the slopes of which deviated from 
that expected for H,BO,,,,. Further work of this type reported by MARGRAVE et al. 
could not be reconciled with the assumption that a single species, either H,BO,,., or 
HBO,,,,, was present, since the slope of the log-log plots was observed to be approxi- 
mately unity in the temperature and water vapour-pressure region studied. Some 
deviations from this slope were noted, but at first were believed to be within the order 
of experimental error. 

The recent work of Cuupka and Berxowirz™ has aided materially in clarifying 
the gaseous boron hydroxide problem. In mass spectrographic studies of the reaction 
of B,O, with water vapour at 1250°C, these investigators observed the presence of 
H,BO,,,,, HBO,,,, and a third boron hydroxide species; the trimer, (HBO,), 

Wuite et al.’ have observed the infrared spectrum of gaseous HBO, from which 
they have calculated reliable thermal functions for the gas. Also, by observing the 
variation in emission intensity of an HBO,,., vibrational band as a function of 
temperature, Wuite et al.’ determined the heat of formation of the gas as AH, 


135-0 2-5 kcal/mole. These investigators also calculated thermal functions for 
(HBO,)s, 


of the fundamental vibrational frequencies. A heat of formation of —537 10 


with certain assumptions about the structure of the molecule and estimation 


kcal/mole was assigned to the trimer." 


1) M. von STACKELBERG, F. QUATRAM and J. Dresser, 7. Eledtrochem 

L. Marorave, J. Phys. Chem. 60, 715 (195¢ 

L. Marorave, J. R. Souren, G. E. Lerot, F. T. Greene and § 
Section, ternational Coneress of Pure ind vied Aer 

W. A. CuupKka and J. Berxowirz, Abstracts of the 135th 
Boston, Massachusetts, April, 1959: J. Chem. Phys. 33, 530 (1960) 
D. WHite, D. E. Mann, P. N. Watsu and A. Sommer, Technical Report > ontract Nonr 
between the Ohio State University Research Foundation and the Office « aval Research, June 
J. Chem. Ph 32, 488 (1960) 
D. Waite, P. N. Watsu, D. E. Mann and A. Sommer, Technical Report N 4. Contract Nonr-495(12), 
between the Ohio State University Research Foundation and the Office of Naval Research, July, 1959; 
Proceedings of the Propellant Thermodynamics and Handling Conference, American Rocket Society, Ohio 
State University, Columbus, Ohio, July, 1959 
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The present work is the result of investigations of the B,O,,,,-H,O,,, system using 
the transpiration method in an effort to determine the equilibrium pressures of the 
various boron hydroxide species present. Preliminary results were presented at a 
recent American Rocket Society meeting.‘ 


EXPERIMENTAL 


Flow measurements were carried out in a Vycor tube, 25 mm i.d., placed in a nichrome wound 
resistance furnace. One end of the tube was sealed off except for a small Vycor tube down the centre 
of the larger tube which had a small hole (2 mm dia.) pointing directly downward at the end. B,O, 
in a large flat platinum boat was placed beneath the hole in this Vycor inlet tube and mixtures of 
H,O vapour and N, flow gas were allowed to impinge directly upon the surface of the liquid B,O, 
in the boat. The temperature of the B,O, was controlled to + 5°C by means of a chromel P-alumel 
thermocouple and Amplitrol. 

The mixing of the H,O vapour and nitrogen flow gas was accomplished by passing known 
quantities of nitrogen gas (measured by a calibrated flowmeter) through a fritted glass tube submerged 
in distilled water of accurately knowntemperatures. Once saturated, the moisture-containing nitrogen 
gas was passed through heated Pyrex tubing leading to the furnace chamber to prevent any loss of 
water vapour by condensation 

The flow rate was varied by adjusting the flow velocity of the nitrogen gas, and the water vapour 
partial pressure was controlled by adjusting the temperature of the water in the saturator. The dura- 
tion of each flow run was measured from the time of placing the boat into the furnace to the time of 
removal. The boat was kept in a desiccator and accurately weighed before and after each run. The 
weight loss of B,O, from each run was ascribed to the formation of gaseous boron hydroxides. No 
measurable weight loss of B,O, occurred under a dry nitrogen flow gas at these temperatures. In 
most cases, the time of the flow run was of sufficient length (ca. 1 hr) that the error introduced by the 
time required to bring the boat up to furnace temperature was kept small. 

Without any assumptions about the exact mixture of the vapour species one may define the pressure 
of gaseous boron species as 

Protas 


Motai/t 


P,=2 


where ("g,0,/t) = moles of B,O, lost per unit time fromthe boat on passing (7 ota:/f) moles of gas per 
unit time over the boat under a total pressure P atmospheres and the two takes account of the fact 
that there are two boron atoms per B,O, formula unit. 

It was difficult to achieve equilibrium conditions in the furnace chamber at any finite flow 
rate. In an effort to establish the general Shape of the curves for logPy,o vs log P,, flow runs 
were carried out at a low, constant nitrogen flow rate and variable water vapour pressure at two fixed 
temperatures (1073°K and 1273°K). The results of these two series of runs are given in Tables 1 and 2 

Although the flow rate of nitrogen gas through the system was maintained constant for these runs, 
the total number of moles of nitrogen gas plus water vapour per unit time was not a constant. P,’ is 
the total boron species pressure for each flow run corrected to a constant total number of moles of 
N, plus H,O of 2:0 10°* mole/hr. These corrections were based on numerous observations that 
at the temperatures considered and at the water vapour pressure and flow rate regions studied in 
Tables 1 and 2, an inverse and approximately linear relationship exists between the flow rate and the 
determined total boron species pressure. The logs of these corrected, non-equilibrium pressures vs. 
the log of the water vapour pressure are shown by the lower curves in I igs. 1 and 2. These curves are 
expected to be parallel to the equilibrium curves, and thus may be used to establish the slopes for 
the log P, vs. log Py,o equilibrium plots. 

In order to obtain equilibrium (saturation) values for the total vapour-pressure of the boron 
hydroxide species present, it was necessary—at a fixed temperature and water vapour pressure—to 
make a series of flow runs at progressively lower flow rates and to extrapolate to zero flow rate. This 
method did not, immediately, give a satisfactory value for the equilibrium pressure because of 


' L. H. Sprnar, S. P. RANDALL, F. T. Greene and J. L. MARGRAVE, Prox eedings of the Propellant Thermo- 
dynamics and Handling Conference, American Rocket Society, Ohio State University, Columbus, Ohio, 
July, 1959. 
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diffusion loss effects. Diffusion loss corrections were therefore applied following the method of 
Tomas and Wetcu'*’ with one further modification. It was found that the weight loss of B,O, in an 
initially measured water vapour atmosphere and zero flow rate was not a linear function of the time 
that the boat was in the furnace. Rather, it was found that the weight loss was proportionally higher 
the shorter the time that the boat was allowed to remain in the furnace. 


NON-EQUILIBRIUM TOTAL PRESSURES OF GASEOUS BORON HYDROXIDES 
1073°K 


PH,O 
Run (atm) 
1-4 312 x 10° 
2-4 8-52 x 10°* 
3-4 1-65 10> 
4-4 2-58 x 10" 
5-4 3-96 « 10° 


N, Flow 

(mole/hr) 

19-3 x 10°? 
19-3 10°? 
19-3 
19-3 
19-3 « 10°* 


H,O Flow 
(mole/hr) 


0-62 >» 


1:69 
3-22 
7-77 


10-* 
10-* 
10-* 
10-* 


P, 
(atm) 
0-21 10 
0-82 10 
2-02 10 
2-84 10 
4-36 10 


P,’ 

atm 
0-21 x 10°? 
0-86 x 10°° 
2:28 x 
3-46 x 10°° 
5:92 x 10°* 


TABLE 2. 


T 


—-NON-EQUILIBRIUM TOTAL PRESSURES OF 
1273°K 


GASEOUS BORON HYDROXIDES 


8-52 


2:3 1-65 
33 2-58 
6 43 3-12 
3-96 


PH,O 
(atm) 


10-* 
10? 
10-? 
10> 


N, flow 


(mole/hr) 


19-3 
19-3 
19-3 
19-3 
19-3 


10-? 
10°? 
10°? 
10°? 
10°? 


H,0 flow 


(mole/hr) 


1:69 


3-22 


0-62 


79°79 
ii 


10-? 
10°? 
10-* 
10-* 
10°? 


(i 


1-11 
1-95 
3-38 
0-55 
4-68 


P, 
itm) 


10 
10 
10 
10 
10 


P, 
(atm) 
1:16 « 
2-20 10-* 
4-12 
0-55 x 10°* 
634 10-3 


Tomas and 


Taste 3.—E 


0-1 
01 
08 
0-2 
09 


Series no 


4 


0 


T( 


1000 


K) 


1100 
1273 
1273 


1273 


Py, ofatm) 


1-97 
1-97 
9-95 
1-97 
3-96 


10 
10 
10 
10 
10 


A.J. 


Wetcn, J. Iron St. Inst. 172, 69-78 (1952). 


P atm) 
3-84 
4-32 10° 
2-30 
4-75 10° 
2-0 10° 


This effect was most probably due to the decrease in water vapour concentration in the furnace 
chamber at zero flow rate by diffusion out of the system, thus reducing the rate of formation of the 
gaseous hydroxides with time. Since during a normal flow run with a finite flow rate, the water vapour 
concentration was maintained constant over the B,O, in the boat by the continuous influx of new 
flow gas, it was necessary to obtain the diffusion loss at zero flow rate under the same conditions of 
constant water vapour concentration. This was done by measuring the diffusion loss at a certain 
initial water vapour concentration at zero flow rate for different residual times of the boat in the 
furnace and extrapolating this weight loss per unit time to zero time of heating in the furnace 

The results of a number of series of flow runs performed as described above to determine the 
total equilibrium vapour pressure of the boron hydroxides present at various water vapour pressures 
and several different temperatures are given in Table 3. These equilibrium pressure values are also 
shown by the points on the upper curves in Figs. | and 2. 


QUILIBRIUM TOTAL PRESSURES OF GASEOUS BORON HYDROXIDES 


: 
4 
q 
1-3 
a 
| 
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DISCUSSION 

If one assumes that H,BO,,,,, HBO,,,, and (HBO,),,,, are the important species 
from the reaction between water vapour and liquid B,O, in the temperature range 
from 1000°K to 1300°K, one may write: 


+ = 2H3BO,,,) 


K Pit,n0, 


»Pu,no, Pitzo (1’) 

Pu,o 
B,O3,;, + H,O,,, = 2HBO,,,) (2) 
, Pino, . ,1/2 
K,,, Puno, Ky. (2 ) 

Pu,o 
| 3H,O,,, 2(HBO,)s,,) (3) 
, Prune 3. r1/2 

H,O 

= + Mapo,/t + (4) 


where 1, ,/¢ equals the number of moles of B,O,;,, lost from the boat per unit time, 
and My y0,/t, "upo,/t ANd Noygo,, are the number of moles of each gaseous boron 
species formed per unit time. 

Dividing by the total number of moles of H,O,,, and nitrogen flow gas which 
passed through the system in unit time (neglecting the small amount of gaseous boron 
species) and multiplying by the total pressure, P, of the system (equal to the external 
barometric pressure) one obtains: 


p P p P (5) 
2 


P, = Puno, + Puno, + 3Puno,), (6) 
Combining (6) with (1’), (2°) and (3’), 


P, Pit,o + Pit.o + 3K)” Pit-o- (7) 


When Puno, is very small compared to Pu,po, and/or Puno, 
P, 4 3K)*) and (8) 
log P, ~ 3/2 log 4 log (9) 
Therefore, from equation (9), when Puxo, 18 small in comparison with the other 


gaseous species, a plot of log P, vs. log py» will give a straight line with a slope of 
three-halves. 


When Pygo, is large compared to both py yo, aNd 
P, Pit.o» and (10) 


log P, 1/2 log + log (11) 
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Equilibrium pomts 
Singie flow rote 
points ot 3°K 


+ + 


| 
| 


| 
J 
“2 “O08 -O6 -04 -O 
log 
FiG. 1.—Pressure of gaseous boron species for various water pressures at 1000°, 1073° and 
1100°K. 


and, under these conditions, according to equation (11), a plot of log P, vs. log Pu,o 
will give a straight line with a slope of one-half. 

At any point between these two pressures extremes, a log P, vs. log py. plot will 
give a curved line varying in slope between three-halves and one-half. Thus, the line of 


Equili®rium points 
Single flow rote 
points ot 1273°K 


“2 “10 
log Pio 


Pressures of gaseous boron species for various water pressures at 1273 
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unit slope reported previously indicates a mixture of gaseous species. A slope of 3/2 
is found for the plot of data at 1073°K in Fig. 1, but at 1273°K and low water pressures 
a log P, vs. log Pu.o plot approaches slope one-half as shown in Fig. 2. 


THE HEAT OF FORMATION OF HBO,,,, 

Appreciable concentrations of HBO,,,, were observed only at 1273°K in the water 
vapour region studied, i.e. where the slope of the equilibrium curve approaches one- 
half, and it was necessary to use a Third Law calculation to obtain the heat of forina- 
tion of this gas. 

Considering reaction (2) to be the only one of importance at 1273°K at a water 
vapour pressure of 1:59 = 10-* atm, one finds at equilibrium: P, Puno, = 476 


10-* atm. From (2’) the equilibrium constant is found to be. K,, = 1-425 « 10°, 
and from this, AF/Tyo. 22:17 e.u. From this value of AF/T one calculates* 
AH, [HBO,,,)] 135-19 kcal/mole. 


A minor refinement of this heat value may be carried out by correcting for the 
small concentration of H,BO,,., and (HBO,),,,, present at this temperature and water 
vapour pressure. One finds: Py po. 0-28 x 10-4 atm. Also, from Wuire’s® 
suggested values for the free energy function and heat of formation of (H BO,).;,., one 
obtains: 3Paiy0,).19) = 0°26 x 10-4 atm. From this work, therefore, at 1273°K and 
a water vapour pressure of 1°59 « 10°" atm, Pye...) = 422 x 104 atm. From 
this value, one obtains AH, ,[HBO,,,.] 134-88 kcal/mole. 

Consideration must be given to the uncertainties of the thermodynamic values used 
in this determination. The heats of formation of H,O,,, and B,O,,., are quite accurately 
known, as is also the free energy function for H,0,,,.. Data on HBO, are fairly 
reliable but there may be a rather large uncertainty in the free energy function for 
B,O,,,). 


Applying these uncertainty values as limits, one finds that the heat of formation of 


HBO,,., is: 
AH, [HBO,,,,] = —134-9 + 1 kcal/mole. 


This value compares very favourably with that of Wuite®.” of 135-0 2:5 
kcal/mole and with that of CuupKA and Br RKOWITZ™ of —134-0 2:5 kcal/mole. 


THE HEAT OF FORMATION OF (HBO,).,, 

From the equilibrium data at a water vapour pressure of 3-96 10-' atm, and 
aftercorrecting for H,BO,,,, and HBO,,,, present, the pressure of (HBO,),,,, was found 
to be 1-78 10-* atm at 1000°K, 2-48 10 atm at 1100°K and 1-9] 10°? atm at 
1273°K. 


These pressure values are considerably more uncertain than the pressure obtained 


previously for the determination of the heat of formation of HBC d,)- In the case of 


* In this and other calculations in this work, the following sources were used for free energy function 


and heat of formation values 


H, /T)(HBO,,,,}: Wuite et al." 
H, T)and AH, [B,O EVANS et al 
H, /T) and AH, RANDALL, Unpublished work. 
(f H, /T) and AH, National Bureau of Standards 
* W. Evans, D. WAGMAN and E. Prosen, National Bureau of Standards, Report No. 6252 (1958) 
Selected Values of Thermodynamic Functions National Bureau of Standards, Series II]. U.S. Gov- 
ernment Printing Office, Washington, D.C. (1947) 


') W. H. Evans, National Bureau of Standards, Washington, D.C. Private communication (1960) 
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TABLE 4 


19) K AH”, 


(atm) 
1000 1:78 x 10-3 5-02 x 10°° 
1100 2-48 9-76 537-7 


1273 1-91 10-* 5-79 x 538-5 


(HBO,),,, at the above three temperatures, the corrections for HBO.,,, and H,BO,,., 
present amount to approximately 50 per cent of the total measured P, pressure. The 
determined pressures of (HBO,),,,, are therefore dependent to a large extent upon the 
reliability of the thermodynamic values used in calculating the pressures of H BO,,,, 
and H,BO,,,, present. 

Table 4 gives the results of Third Law calculations to obtain the heat of formation 
of (HBO,),,,).. The most probable value for the heat of formation of the trimer is 
found to be —537-5 kcal/mole, at 0°K. 

A Second Law calculation gives a heat of reaction for reaction (3) of +-2-4 kcal in 
the temperature range 1000°-1273°K. From this, the heat of formation of (H BO,)s;,) 
at O'K is found to be — 5341 kcal/mole. The Second Law calculation, however. is 
more sensitive to small pressure errors, and the heat of formation obtained from the 
Third Law calculation is considered to be the more reliable figure. 

It is difficult to assign an uncertainty value to this heat of formation since some of 
the thermodynamic functions used in its determination are estimated, but it is believed 
that the uncertainty is of the order of +3 kcal/mole. This value of —537-5 + 3 
kcal/mole is in excellent agreement with that of —537 + 10 kcal/mole suggested by 
Wuite, and —5-40 + 10 suggested by CuupKA and Berkowitz". 

It is possible to draw some conclusions as to the magnitude of the heat of forma- 
tion of (HBO,),,,, from the work of STACKELBERG et al.""’, 

In studying the sublimation of H,BO,,., in a water vapour atmosphere according 


to, 
H,BO,,., H,BO,,,, (12) 


these investigators observed at 109°C and under various water vapour pressures that 
the rate of sublimation of H,BO,,., was independent of the water vapour pressure 
between 760 mm and 99 mm pressure of H,O,,, within the limits of their experimental 
error (about +10 per cent). From this one can show for the reaction 

3H,BO,,., = (HBO,),,,, + 3H,O (13) 
that the heat of formation of (HBO,),,,, at 0°K must be less negative then —538 kcal 
mole. If, for example, the pressure of (HBO,),,,, from reaction (13) was one-ninth 
that of the pressure of H,BO,,,, from reaction (12) at 109°C and the relatively low 
water vapour pressure of 100 mm Hg, the heat of formation of (HBO,),,,, at OK 
would be — 537 kcal/mole. 


Acknowledgement—The authors wish to acknow ledge the financial support of this work by the U.S. 
Navy through the Callery Chemical Company. 
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ALKALI AND ALKALINE EARTH RHENOHYDRIDES*+ 


J. G. Foss and A. V. Grosse 
The Research Institute of Temple University, Philadelphia 44, Pennsylvania 


(Received 22 Januar) 1960: in revised form § May 1960) 
Abstract—It is shown that the compounds previously described by us’ as rhenides are actually 
complex rhenohydrides of the general formula Me(Re!™H,)-2 4H.O, at least if prepared by the 
reduction of perrhenates with potassium in aqueous ethylenediamine. This has been demonstrated by 
quantitatively determining the Aydrogen evolutior during thermal decomposition 


Upon the appearance of our preliminary publication on rhenides™ we were informed 
by WILKINSON”) of the Imperial College, London, that these compounds may 
possibly constitute water soluble complex rhenium hydrides and that this problem 
could be investigated by means of nuclear magnetic resonance Spectroscopy. 

Independently MILLER and GinsBerG® of Columbia University informed us of 
their investigation of the structure of the potassium rhenide prepared by the reduction 
of KReO, with K metal in aqueous ethylenediamine.” They found that the NMR 
spectrum of this compound indicated the presence of hydridic hydrogen bound to the 
transition metal. Based on additional analytical evidence they assigned the formula 
K,(Re,H, ,)6H,O to the product isolated by them. 

In our former investigation hydrogen evolution was proven only qualitatively. 
The quantitative studies of the hydrogen evolution during thermal decomposition, 
indicate conclusively that this compound is a complex rhenohydride corresponding 
to the formula K(ReH,)-2 4H,O, while the analogous barium compound has the 
composition Ba(ReH,),-4-8H,O. Contrary to MILLER and GiNsBeRG, however. we 
find a K/Re ratio of 1 : | (vs. their 3: 1) anda Re/H~ ratio of | : 4 (vs. their 1 : 7). 


EXPERIMENTAL 
Materials 


Ammonium perrhenate c p. was obtained from the University of Tennessee. Standard solutions 
were prepared by weighing out the dried material 

Potassium metal sticks “purified” were purchased from the Baker ( hemical Company 

Anhydrous ethylenediamine was prepared by refluxing 98 per cent ethylenediamine (Eastman 
Kodak) over KOH pellets for several hours followed by a distillation in a nitrogen atmosphere. 

Oxygen-free, anhydrous isopropanol was obtained by refluxing c.p. grade material (Baker Chem 
Co.) with sodium isopropoxide, and subsequent distillation in a nitrogen atmosphere 

The very strong acidic sulphonic acid cation exchange resin AMBERLITE IR-120 was obtained 


* Presented before International Union for Pure and Applied ¢ hemistry at its September, 1959, meeting 
in Munich, Germany. 

t This research was supported by U.S. Atomic Energy Commission. For additional results see Second 
Annual Progress Report to the U.S Atomic Energy Commission, Contract No. AT (30-1)-2082, Report 
No. NYO-2156, September 28, 1959 
™ J. G. Fross and A. V. Grosse, J. Inorg. Nucl. Chem 9, 318 (1959). See also A. V. Grosse. 7 Naturf. 8b, 
533 (1953) and literature cited there 
G. WILKINSON. Private communication (1959) 

A. P. GINsBERG. Private communication (1959); A. P. Ginsperc. Dissertation, Columbia niversity, New 
York (1959); A. P. GINSBERG, J. M. Mitter, J. R. ( AVANAUGH and B. P. Datey, Nature, Lond. In 
press 

” J. B. Bravo, E. Griswoup and J KLEINBERG, J. Phys. Chem. $8, 18 (1954) 
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from the Rohm & Haas Co. The hydrogen form of this resin was converted to the ammonium form 
by flushing the exchange column with 5 per cent ammonia solution. 


Preparation of potassium and barium rhenohydride 


One hundred millilitre anhydrous ethylenediamine was added to a 500 mi four-neck flask, 
equipped with a vibration mixer (manufactured by “Chemie Apparatebau” Zurich, Switzerland. for 
Fisher Scientific Co.), gas inlet tube, reflux condenser with a stock type mercury gas valve attached to 
it, and a thermometer, after the entire apparatus had been flushed with a slow stream of prepurified 
nitrogen for at least 30 min. A clean piece of potassium (~1 g) was then added through the thermo- 
meter joint, and the solution heated to about 70°C by means of a “Glas-Col” heater. The potassium 
melted without reacting with the ethylenediamine. The heating was then discontinued and by 
operating the vibration mixer the molten potassium was smashed into tiny globules which dissolved 
in ethylenediamine with a deep blue colour, similar to that of potassium in liquid ammonia. The 
thermometer was then taken out temporarily and a few drops of warm aqueous NH,ReO, solution 
were added through the thermometer joint by means of a pipette, and were immediately reduced by the 
potassium. More solution was added until the blue colour of the ethylenediamine solution was about 
to disappear. Then another piece of K-metal was added which melted and dissolved in the solution. 
The addition of an NH,ReO,-solution and K-metal alternately was continued for approximately 
2hr until all of the perrhenate solution had been consumed (10 mi « lution, containing 0-70 g 
NH,ReO,, equivalent to 0-49 g Re). An excess of potassium in ethylenediamine was then destroved 
by adding a few drops of water During the entire Operation a slow stream of prepurified nitrogen was 
passed through the system continuously 

The resulting Suspension of potassium hydroxide, potassium rhenohydride and some unreduced 
perrhenate was allowed to cool to room temperature. The precipitate was then separated from the 
ethylenediamine by filtration through a fritted glass filter under reduced pressure washed several times 
with anhydrous diethyl! ether and finally dried in vacuo. This w hite or very slightly yellowish solid 
contained approximately 0-50-0-60 g potassium rhenohydride, 0-10-0-20 2 K Ret ),, negligible amounts 
of lower oxides of rhenium or metallic rhenium (below | per cent of total Re content) and large 
amounts of KOH 

This crude product was extracted several times with anhydrous i-propanol or ethanol in order to 
remove KOH and unreduced K ReO, as described by KLEINBERG ef a/.2-* The residue containing all 
of the rhenohydride was thoroughly washed with anhydrous diethyl ether ind dried in vacuo. It was 
then dissolved in a few ml of ice cold H.O or 2N KOH solution. For further purification or conversion 
into barium rhenohydride, this solution was fed into an ton exchange column filled with the cation 
exchange resin AMBERLITE IR-120 in its ammonium form and 5 per cent ammonia solution as 
fluid phase, (flow rate: ~ 0-025 ml min-' cm~ bed volume). The effluent was checked contin 10usly 
for rhenohydride and potassium ions by sampling a few drops and adding these to a TIOH-sol ition 
or a solution of Bi(OH), in strong NaOH solution," or subjecting them to a flame test. As soon as a 
rhenohydride break-through was observed the receptacle was changed and the ammonium rheno- 


hydride collected. | xchange column and receptacie were kept at 0 C by means of external coo ing. 
When the potassium break-through was observed or when the rhenohvdride concentration in the 
effluent was finally found to become negligible, the operation was discontinued. The rhenohydride 
content of the solution was determined inalytically and the stoicheiometric am muunt of a KOH or 
Ba(OH), solution was added to an aliquot part of the effluent. Potassium or barium rhenohydride 
was obtained from this colourless clear solution by evaporation to dryness, in vacuo. preferably at 
OC, as a white m crocrystalline solid (yield of potassium rhenohydride 0-60 ¢ ~ 77 percent). Larger 
crystals can be obtained by recrystallizing this compound very carefu trom a saturated, cold, 


solution in a water ethanol mixture. (The solubility of potassium rhenohydride in water is of the same 
order of magnitude as that of KOH.) 

All of these perations have to be conducted in a closed svstem under the protection of an inert 
atmosphere. Solutions which do not contain appreciable amounts of fre« iroxide and ammonium 
rhenohydride solutions have to be kept at O'C, lest the rhenohydrides dec npose to rhenium metal, 


hydrogen and hydroxide 


Typical analyses for potassium and barium rhenohydride, including their hydrogen content, are 
given in the next section 


Both compounds, i.e. potassium and barium rhenohvdride, contained appreciable amounts of 
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perrhenates. This was demonstrated by adding tetraphenyl arsonium chloride to solutions of these 
compounds after the rhenohydride had been decomposed by adding dilute HCl; no precipitate of 
tetraphenyl arsonium perrhenate could be observed 

This was further substantiated by investigating samples of potassium rhenohydride with a petro- 
graphic microscope equipped with a universal stage.* The samples were mounted on a microscopic 
slide using Kel-F fluorocarbon lubricant as a medium. The indices of refraction of KReH,2H,0, as 
determined with immersion liquids, are 

ns 1-664 0-001 Ne 1-671 0-001 

and the birefringence = 0-007 -- 0-002. 

The crystal fragments exhibited an interference figure indicating a uniaxial negative character of the 
crystals. Because of the low birefringence, however, it is possible that they are biaxial with a very 
small optic angle. KReO,, on the other hand, crystallizes in optically positive tetragonal bi- 
pyramids.'*’ The indices of refraction are: 

ne = 1-685 + 0-001 nN, = 1640 + 0-001 


and the birefringence = 0-045 — 0-002 
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* These microscopic investigations were performed by Dr. E. H. Watson, Bryn Mawr College, Bryn 
Mawr, Pa., subsequent to the Munich Congress 
8) 1. Noppack and W. Noppacx, Das Rhenium p. 48, and literature cited there. Leopold Voss Verlag, 
Leipzig (1933). 
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This extreme birefringence distinguishes KReO, from the rhenohydride immediately. 
The infra-red spectra of potassium and barium rhenohydride provided another method for the 
detection of perrhenates in rhenohydrides (see page 40 and Figs. 1-5) 
The oxidation equivalent of potassium and barium rhenohydride (n meq. reducing power 
mmole rhenium) on oxidation with permanganate in acidic solution’. was found to be n = 7-9 + 0-2. 


Thermal decomposition of rhenohydrides 


The thermal decomposition of potassium and barium rhenohydrides was studied quantitatively. 
An all glass micro-apparatus was used, consisting of a tube (decomposition vessel), a U-tube, cooled 
in dry ice, for collecting water, a capillary mercury-manometer, and a bulb for collecting gases. The 
volume of this bulb was known precisely which permitted an accurate determination of the volume of 
the apparatus after the sample had been introduced. The entire apparatus was then evacuated and 
the sample in the decomposition tube was heated in an aluminium block, to about 450°C over a 
period of a couple of hours. At above 270°C a slow increase of the pressure could be observed which 
became more rapid with increasing temperature. After the hydrogen evolution had stopped, the 
heating was discontinued. When the apparatus had cooled to room temperature the increase in 
pressure was determined and the water was condensed in the U-tube at —78°C. The U-tube was then 
sealed off and the condensed water determined by weight. 

The gas evolved proved to be hydrogen which was quantitatively determined by combusting an 
aliquot part of the content of the gas bulb in a CuO capillary attached to the decomposition apparatus. 
The total H, volume was calculated from the volume of the apparatus, the pressure, temperature and 
percentage of H, in the gas as determined by gas analysis. A correction was applied for the displace- 
ment of mercury in the manometer. 


TABLE 1.—POTASSIUM RHENOHYDRIDE: KReH,:2H,O 


MOL. WT 265-47 
Sample H,* | N/IOHCI Ph,AsReO, | H,O 
(mg) (cm* N.T.P.) (ml) (mg) (mg) 
25:3 5:3, 1-02 59-6 1-6, 
(corrected for 
impurities: 
2:6% Nz; 97-4°; H,) | 
i.e. 
Calculated Found 
we. % Atoms (or moles) we. % Atoms (or moles) 


K 14:72 15-8 

Re 70-18 | 69-3 1 (standard) 

H 1-52 1-89* 10 41 
H,O 2 


1-96 
O (as KOH) 


rhe empirical formula is therefore 
KReH,2H,O 0-1KOH 
* i.e. H, collected during thermal decomposition of sample; 1 g at H per g at Re has to be subtracted 


from this value, since it is due to the formation of KOH from KReH,-2H,O (or BaO from Ba(ReH,).-4H,O) 
during thermal decomposition 
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After the thermal decomposition the solid residue was analysed for its total rhenium, and 
potassium or barium content. 
Typical results of these experiments are listed in Table 1 below: 


It should be noted that the above figures differ from previous ones; this is due 
to the difference in water content, since the present compound contained 4H,O, 
whereas the previous sample contained 8H,O. The Ba: Re ratio is essentially the 
same. The water content varies and depends upon drying conditions in a desiccator. 


Infra-red spectra 


The infra-red spectra of potassium and barium rhenohydride as well as potassium and barium 
perrhenate were recorded with a Perkin-Elmer Infra-red Spectrophotometer, Model 21. They are 
shown in Figs. 1-5. The samples were mixed and pressed with KBr in an inert atmosphere 
(concentration of samples in KBr 0-5 per cent, thickness 0:5 mm). 

The presence of perrhenates in rhenohydrides in concentrations above | per cent can be readily 
determined quantitatively by using the perrhenate absorption peak at 915 cm". 


Analytical methods 


The analytical procedures which were used for the determination of potassium and barium, total 
rhenium and the oxidation equivalent have already been described." 


TABLE 2.—BARIUM RHENOHYDRIDE: Ba(ReH,),-4H,O 
MOL. WT. = 590-11 


Sample H,* BaSO, Ph,AsReO, 
(cm* N.T.P.) (mg) (mg) 
——- 

16-9 74-7 
(corrected for 
impurities 
65% N,; Hs) 


Calculated Found 


Atoms (or moles) 't. Atoms (or moles) 
Ba “4 1-19 

Re 2:0 (standard) 

H 2 9-68 — 2:00 = 7-68 


H,O 


3-70 
O (as BaO) 


The empirical formula is therefore: 
Ba(ReH,),.4H,O + 0-2Ba(OH),-8H,O 


* i.e. H, collected during thermal decomposition of sample; 1 g at H per g at Re has to be subtracted 
from this value, since it is due to the formation of KOH from KReH,-2H,0 (or BaO from Ba(ReH,),-4H,O) 
during the thermal decomposition 
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In addition to these methods the total rhenium content of the reaction products 
was also determined as tetraphenyl arsonium perrhenate.*’.*) An aliquot amount of 
rhenohydride solution was oxidized with hydrogen peroxide in an alkaline medium. 
Excess peroxide was destroyed by boiling. The solution was then neutralized 
(6 < pH < 7) with dilute hydrochloric acid and a concentrated solution of tetra- 
phenyl-arsonium chloride added. The solution was then slowly cooled to 0°C and 
after several hours the crystalline tetraphenyl arsonium perrhenate was filtered, 
washed several times with cold, saturated tetraphenyl arsonium perrhenate solution 
and dried at 125°C, 

W. Wittarp and G. Smrrn, Industr. Engng. Chem. (Anal.) 11, 305 (1939) 
) W. Smitn and S. Lone, J. Amer. Chem. Soc. 70, 354 (1948). 


‘" C. T. Sims, E. W. Wyver, G. B. Gaines and D. M. Rosensaum, A Survey of the Literature on Rhenium, 
WADC Technical Report 56-319. ASTIA Document No. AD110596, p. 94 ff, and literature cited there. 
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In order to determine ReO,- and ReH,- separately, in a solution containing both 
ions, the solution was acidified with HCl, whereupon the rhenohydride decomposed 
according to the equation 


2(ReH,)~ + 2 H* — 2Re + 5H, 


whereas the perrhenate remained unaffected. The rhenium metal was filtered and 
determined either as such or as tetraphenyl arsonium perrhenate after oxidation to 
perrhenate. The perrhenate was determined as described above. 


DISCUSSION 

These experimental results demonstrate that the reduction of an aqueous perrhenate 
solution with a blue solution of K metal in anhydrous ethylenediamine yields the 
potassium salt of a complex rhenium hydride from which corresponding salts with 
different cations, e.g. Ba**, can be prepared by means of cation exchange methods. 

Thermal decompositions of these compounds yield Re metal and 2:5 moles H, 
per gramme atom Re. 

Complete analytical investigations of this reaction indicate that the ratio of Re/K 
and Re/Ba equals one and two respectively. The empirical formulae of potassium and 
barium rhenohydride are therefore KReHy-xH,O and Ba(ReH,),"2xH,O; x varies 
between two and four depending upon drying conditions. Thus their thermal 
decompositions follow the equations: 


K(ReH,)-2H,O — Re + 5/2 H, + KOH + H,O 


Ra(ReH,),"4H,O 2 Re + 5H, + BaO + 3H,O 


These formulae are also consistent with the oxidation equivalent n 8 in acidic 
media according to: 


ReH, + 4H,O — ReO, + 2H, + 8H* + 8e 


Considering the chemical properties of rhenium the existence of more than one 
defined complex rhenium hydride, with different valence states and co-ordination 
numbers of rhenium, is possible. This might account for the difference between our 
findings and those of MILLER and GinsBERG"?. 

The hydrogen content of our original” lithium “‘rhenide™ has not been determined; 
it is likely, however, that it will also prove to be a rhenohydride. 
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The existence of a fairly stable complex rhenium hydride is the first example of a 
transition metal ion forming a complex hydride anion, which is not stabilized by 
co-ordination with strong complexing ligands, like carbonyl or cyclopentadienyl 
(for example, in such compounds as [HFe(CO),]-, [(C;H;).ReH,]*, etc. This raises 
the question whether analogous hydrides of other transition metals can be prepared. 
Exploratory experiments in this direction are now being carried out. 


‘*) J. G. Fiross and A. V. Grosse, J. Inorg. Nucl. Chem. 16, 44 (1960). 
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TECHNETIUM ANALOGUES OF RHENOHYDRIDES* 


J. G. Fioss and A. V. GROSSE 


The Research Institute of Temple University, Philadelphia 44, Pennsylvania 
(Received 11 April 1960) 


Abstract—It is shown that the Tc analogue of potassium rhenohydride, K[ReH,]-2H,O, can be 
obtained by reducing Tc-labelled NH,ReO, solution with K in ethylenediamine. The distribution of 
Tc among the reaction products has been studied. Up to 90% of the Tc can be converted into a 
water soluble potassium technohydride. 


It was discovered recently that the reduction of aqueous perrhenate solution with 
potassium metal in anhydrous ethylenediamine yields a complex potassium rheno- 
H,O, and not potassium rhenide,’® as has been 
assumed until now. 

The reduction of NH,ReO,, labelled with NH,**TcO,, with potassium in 
ethylenediamine and the subsequent investigation of the Tc-activity distribution 
in the products of this reaction, show that Tc analogues of the rhenohydrides, i.e., 
complex technohydrides, are obtained. Their stability, however, is less than that 
of the rhenohydrides. 

EXPERIMENTAL 

Materials. **Tc (20 uc/mg Tc; half-life: 2:12 = 10° years) was obtained, as NH,TcO,, in dilute 
NH,OH solution (0-5 mg Tc/ml soln) from the Oak Ridge National Laboratory. Of this solution 
0-500 ml was diluted with H,O and 1:4399 g of NH,ReO, (obtained from the University of Tennessee), 
added. After the perrhenate had dissolved, the solution was brought to a total volume of 100-00 ml 
(solution I, containing 1:4399 g NH,ReO, 1-000 g Re, and 0-457 mg NH,TcO, = 0:25 mg Te). 
Ten millilitres of solution I were heated and further 08012 g NH,ReO, (= 556-0 mg Re), was 
dissolved, obtaining solution II (containing 656-0 mg Re and 0-025 mg Tc; atomic ratio of Tc:Re 
~ 1:14000). Solution II was used as such for the reduction experiments 

Analytical procedures. In order to determine the Tc-content of the Tc-labelled Re-compounds, 
samples were painted on aluminium planchets | in. in diameter and their relative activity was deter- 
mined with an LS2 model GM counter (Technical Associates, Glendale, California), connected to a 
model LS-1000-A decade scaler (Eltronics, Inc., Philadelphia, Pennsylvania). 

Tc-labelled perrhenates were determined either as KReO, or as (C,H;),AsReO,. Tc-labelled 
rhenohydrides were decomposed with dilute HCI and the resulting Tc-labelled Re-metal was counted 
for its activity 

The activity determinations were carried out under identical geometric conditions and in the same 
counter. Corrections for /-ray self-absorption were made for varying thicknesses of the samples. 

Reduction of Tc-labelled NH,ReO,. Ten millilitres of solution Il were reduced with a blue 
solution of K in ethylenediamine, as described previously.’ The raw reaction product was first 
extracted repeatedly with isopropanol or ethanol,"':**’ in order to remove the KOH and unreduced 

* This research was supported by the U.S. Atomic Energy Commission, Contract AT(30-1)-2082, see 
U.S.A.E.C. Report No. NYO-2156. The Research Institute of Temple University, September 28, 1959. 


™ J. G. Fross and A. V. Grosse, J. Inorg. Nucl. Chem. 16, 36 (1960) 

(2) A. P. GinsperG, Ph.D. Dissertation, Columbia l niversity, New York (1959); A. P. Ginspera, J. M. 
Mitter, J. R. CAVANAUGH and B. P. Datey, Nature, Lond. In press. 

‘) J. B. Bravo, E. Griswoip and J. KLeinsera, J. Phys. Chem. 58, 18 (1954). 

(6) A. V. Grosse, Z Naturf. 8b, §33 (1953) 

') J. G. Fross and A. V. Grosse, J. Inorg. Nucl. Chem. 9, 318 (1959), and literature cited there. 

‘*) G. E. F. Lunpect and H. B. KNow es, J. Res. Nat. Bur. Stand. 18, 629 (1937). 
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KReO, (and KTcO,), then washed with anhydrous ether, thoroughly dried, and finally dissolved in 
approximately 10 ml of ice-water. During this last operation the rhenohydride decomposed partially, 
forming black Re-metal. The solution containing the KReH,, was filtered, after a short time, from 
the Re-metal and small amounts of KReO, and the residue washed with small amounts of ice-water 
which was added to the KReH,-filtrate. The KReO, was completely extracted from the residue with 
hot water. This KReO, solution was evaporated and the crystallized perrhenate weighed and its 
activity counted (6-0 mg Re, total relative activity 4100 counts/min). The Re metal residue was 
washed, dried and weighed and its activity determined (28 mg Re, total relative activity 54,000 
counts/min). The filtrate containing the rhenohydride and some KOH was brought to a definite 
volume. To an aliquot part of this solution 4 N HCI was added in order to precipitate the Re of the 
KReH, as Re metal, which was filtered and weighed and its activity determined. The rest of the 
solution was evaporated to dryness yielding Tc-labelled KReH,2H,O which was used for sub- 
sequent experiments. 

A number of such reductions were carried out. The results of a typical experiment are given in 
Table 1, which shows, schematically, the Te-activity distribution among the various Re-compounds 
isolated. 

In order to interpret the results listed in Table 1, and to determine whether the Tc-activity in the 
KReH,-2H,0, is due to admixed KTcO,, or to a hypothetical KTcH,-xH,O, the following experi- 
ments were carried out: 

(1) Cocrystallization of pertechnetate with perrhenate. An aqueous solution of 88-2 mg KTcO,- 
labelled KReO, (total Tc-activity 500 counts/min), was partially evaporated at room temperature 
under reduced pressure. The KReO, crystals were filtered, washed with small amounts of ice-water, 
dried and weighed and their Tc-activity counted (55-2 mg KReO,, total activity 175 counts/min). 
The KReO, and KTcO, which remained in solution were recovered by evaporating the filtrate to 
dryness (33.0 mg KReO,, total activity 310 counts/min). This shows that part of the KTcO, cry- 
stallizes with the KReO,, most likely by means of isomorphous replacement; the homogeneous 
distribution coefficient,'” D, for this process has the approximate value 


n [KRet ryat 


(2) Coprecipitation of Tc with (C,H,), As ReO,. When Tc-labelled KReO, is completely pre- 
cipitated as tetraphenyl arsonium perrhenate, the entire Tc-activity is found in this precipitate 

(3) Fractional crystallization of KReO, from an alkaline solution of inactive KReH, and 
Te-labelled KReO,. Ten millilitres of a 2 N KOH solution of inactive KReH, (46:2 mg), and 
Te-labelled KReO,, were evaporated at room temperature under reduced pressure to a volume of 
approximately | ml. The KReO, crystals were isolated; they contained about 90 per cent of the 
total Te-activity. Ten per cent of the Tc-activity was found in the remaining solution together with 
very small amounts of KReO, (less than | mg), and all of the KReH,. This indicates that in an 
alkaline medium the KTcO, is not reduced by the KReH, and can be recovered as such, i.e. in the 
KReO, crystals 

(4) Fractional crystallization of KReO, from an alkaline solution of inactive KReO, and 
Te-labelled KReH,. Tenmillilitres of 2 N KOH solution, saturated ir KReO,, and containing 52 3mg 
of Tc-labelled KReH, (isolated from the products of the reduction of Tc-labelled NH,ReO, with K in 
ethelynediamine) were evaporated at room temperature under reduced pressure to about | ml 
The KReO, crystalls were isolated; they showed negligible amounts of Te-activity. The entire 
Tc-activity remained in solution with the rhenohydride; this was determined bv acidifying the 
solution and determining the Te-activity of an aliquot part of the Re-metal, obtained according to 
the equation: 

+ H* Re” + 5/2H, 


(5S) Reduction of TCO, with [ReH,)- in acidic solution. Fifteen millilitres of a2 N KOH solution 
containing 46°0 mg inactive KReH, and 5 mg Tc-labelled KReO, were acidified with a 6 N HCI at 
>25°C. The metallic rhenium obtained from the resulting decomposition of the rhenohydride was 
isolated, washed very carefully with hot water, dried in vacuo, weighed and its activity determined. 


A. C. Want and N. A. Bonner, Radioactivity Applied to Chemistry p. 106 ff. John Wiley, New York 
(1951). 


4 
) 
1 
‘4 


J. G. Foss and A. V. Grosse 


TABLE 1.—ACTIVITY DISTRIBUTION IN THE PRODUCTS OF THE REDUC TION OF 
NH,ReO, LABELLED NH,**TcO, with K-merat 
IN AQUEOUS ETHYLENEDIAMINE 


NH,ReO, + NH,TcO,: 656 mg Re 
(Tc/Re atomic ratio: 1/14,000) 

activity: 137 counts/min mg Re 
activity, total: 90,000 counts/min 


- 
| reduced with a solution of K 
in ethylenediamine 


| KReO, KTcO,; KReH,2H,O + KTcH,; KOH | 


| extraction of KOH from reaction product: 
separation of unreduced K ReO, 


| 
| KReO, + KTcO,: 56 mg Re KReH,2H,O + KTcH, KOH 
activity/mg Re 9 counts/min mg 


| Re activity, total: 500 counts 
| 


min, Le. 8-5°, of total Re 
of total Tc 


dissolved in H,O 
| 


| residue 


KReO, + KTcO,: 6 mg Re; Re’ + Tc : 28 mg Re-metal 
activity/mg Re: 680 counts/min md activity/mg Re: 1960 counts/min mg 
Re activity, total: 54,000 counts/min, 
i.e. 43% of total Re 
57%, of total Tc 


| Re activity total: 4100 counts/min| 
| i.e. 0-9°% of total Re 
4”, of total Tc 


= 


solution | 


| KReH,-2H,O + KTcH,: 566 mg Re 
activity/mg Re: 64 counts/min mg Re 
activity, total: 36,400 counts/min, | 
| Le. 862° of total Re 

38°, of total Tc 


It exhibited the entire Tc-activity originally present as KTcO,. The perrhenate remaining in solution 
was isolated as Ph,AsReO,, and proved to be inactive. This experiment shows that pertechnetate is 
reduced by rhenohydride in acidic solution to an insoluble species of Tc, presumably Tc-metal 

In the light of these findings another reduction of NH,ReO, labelled with NH,TcO, (equiv. 
628 mg Re and 0-05 mg Tc, atomic ratio Tc: Re ~ 1: 7000) with K in ethylenediamine was performed. 
In order to keep the partial decomposition of the rhenohydride to Re-metal at a minimum. the raw 
product was dissolved in cold (0°C) 2 N KOH after the extraction with isopropanol.’ The rheno- 
hydride was recovered from this KOH solution as a white microcrystalline solid by adding oxygen- 
free methanol and pipetting this solution under the surface of a large excess of isopropanol. Under 
these conditions only minute amounts of Re-metal were obtained (3-8 mg = 06 per cent) which 
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exhibited 3-4 per cent of the total Tc-activity. The rhenohydride (equiv. 545-2 mg Re = 86-7 per cent 
of total Re), on the other hand, contained 90 per cent of the total Tc-activity. The concentration of 
technohydride in rhenohydride was ~0-015 mole per cent. The KReO,, separated from the reaction 
mixture during the alcohol extraction (equiv. 78:3 mg Re = 12-5 per cent of total Re) contained 7-2 
per cent of the total Te-activity. 


DISCUSSION 


The reduction of an aqueous solution of NH,ReO, labelled with NH,TcO, with a 
blue solution of potassium in anhydrous ethylenediamine and the quantitative 
separation of the products of this reaction yields KReH,-2H,0, which contain 
up to 90 per cent of the total initial Tc. This Te-content cannot be due to admixed 
KTcO,, because when a K ReO, solution is added to an alkaline solution of T c-labelled 
KReH, and the KReO, is then separated again from the rhenohydride, either by 
fractional crystallization or by evaporating the solution to dryness and treatment of 
the residue with isopropanol, the Tc-activity stays with the rhenohydride and the 
perrhenate is shown to be inactive. If, on the other hand. a KReO, solution, 
containing KTcQ,, is added to an alkaline solution of Tc-free KReH,, the Te-activity 
remains with the perrhenate during the separation of the perrhenate from the 
rhenohydride. 

It must be concluded therefore that the described reduction of NH,TcO,, using 
perrhenate as a carrier, yields a compound of a lower oxidation number of Te, 
which is soluble in aqueous hydroxide solutions. This is most likely a complex 
potassium technohydride, K*[TcH,]~-xH,0, in view of its similar chemical behaviour 
to K*(ReH,]-xH,0 and the fact that most Tc-compounds are isomorphous with the 
corresponding Re-compounds. 

The Re metal, produced by the partial decomposition of the rhenohydride, 
while dissolving the raw product in ice-water after the alcohol extraction. exhibits a 
very high Te-activity (57 per cent of total Te-activity vs. 4-3 per cent of total Re 
i.e. a Te:Re atomic ratio of ~1:4000. If the rhenohydride is dissolved in cold 
2 N KOH instead of water the degree of this decomposition is considerably less 
(0-6 per cent of total Re, 3-4 per cent of total Tc). This indicates that the techno- 
hydrides are even more sensitive to protons and consequently less stable than the 
corresponding rhenohydrides. The above interpretation is supported further by 
polarographic studies of KTcO, in 2M KCI, where an eight-electron reduction was 
observed,"*’ which is analogous to the polarographic reduction of KReO, solutions. *-” 

Conse” attempted, unsuccessfully, the preparation of technetides, i.e. the 
technetium analogues of rhenides, by reducing an aqueous pertechnetate solution 
in a Jones reductor, presumably in acidic medium. Under those conditions no 
technohydrides can be obtained, since they are unstable in acidic media and decompose 
immediately, if formed at all. 


R. Corton, J. Datziet, W. P. and G WILKINSON, J. Chem. Soc. 71 (1960); G. 
Personal communicatioi: (1960) 
"J. J. LiInGaNe, J. Amer. Chem. Soc. 64, 1001 (1942) 

J. W. Copere, J. Phys. Chem. 61, 729 (1957) 
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THE THERMAL STABILITY OF METAL AMMINES—III 
PLATINUM(Il) AMMINES"”? 


B. P. BLock, E. S. and J. SIMKIN 
Pennsalt Chemicals Corporation 
Research and Development Department 

Wyndmoor, Pennsylvania 


(Received 18 February 1960; in revised form 16 March 1960) 


Abstract—The generally accepted temperature of 250°C for the conversion of [Pt(NH;),JCl,,H,O 
to trans-[Pt(NH;),Cl,] leads to extensive decomposition to elemental Pt in a relatively short time. 
Although standard thermogravimetric analyses indicate that trans-[Pt(NH,),Cl,] is stable to 270°C, 
constant-temperature treatment in furnaces indicates a much lower practical decomposition tempera- 
ture. At 200°C the thermal decomposition is slow enough that it is possible to effect an essentially 
quantitative conversion of [Pt(NH,),)Cl,-H,O to trans-[Pt(NH;),Cl,]. 


IN attempting to prepare trans-[Pt(NH,),Cl,] by the thermal decomposition of 
[Pt(NH,),]Cl,-H,O™ we encountered difficulties which prompted us to investigate this 
reaction more carefully. It 1s repeatedly stated in the literature that heating [Pt(NH,),] 
Cl,-H,O at 250°C until ammonia evolution ceases converts it to trans-[Pt(NH,),Cl,]. 
These statements all appear to stem from REIsET’s original observations, and there 
seems to have been no note made of the report by GRINBERG and Ptitsyn™ that the 


decomposition temperature of trans-[Pt(NH3),Cl,] is 227°C in a stream of dry air and 
of the report by NikoLaev and RusinsHTein®? that differential thermal analysis 
indicates a decomposition temperature of 230°C for [Pt(NH,).Cl,]. 

Our initial experiments showed 250°C to be too high a temperature for clean con- 
version of [Pt(NHg),]Cl,-H,O to trans-[Pt(NH,),Cl,]. In all cases there was obvious 
darkening of the sample within an hour and greater loss of weight than expected for 
conversion to the yellow diammine. We have, therefore, reinvestigated the thermal 
decomposition of [Pt(NH,),]Cl,-H,O both by thermogravimetric analysis and by 
heating at constant temperature in static and flow systems. 

Fig. | shows conventional TGA traces for both [Pt(NH,),]Cl,-H,O and trans- 
[Pt(NH,),Cl,], whereas Fig. 2 shows a modified TGA run for trans-[Pt(NH,).Cl,] 
in which the temperature was taken to 250°C as usual and then held constant. In all 
cases the final residue was identified as metallic platinum by X-ray diffraction. The 
two conventional curves indicate that the diammine started to decompose about 270°C 
and then went rapidly to metallic Pt. For [Pt(NH,),]Cl,“H,O the weight loss to the 
first plateau corresponded closely to that calculated for the loss of one molecule of 

" Part Il: L. R. Ocone, J. R. SouLEN and B. P. Biock, J. Inorg Nucl. Chem. 15, 76 (1960) 

*2) G. Braver, Handbuch der Prdparativen Anorganischen Chemie p. 1181. Ferdinand Enke Verlag, 
Stuttgart (1954); J. W. Mettor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry 
Vol. 16, p. 261. Longmans, Green, London (1937); ‘*’ R. N. Kecrer, /norg. Synth. 2, 250 (1946). 

* J. Retset, C.R. Acad. Sci., Paris 18, 1103 (1844) 

* A. A. GrinserG and B. V. Ptitsyn, /zv. Sektora Platiny i Drug. Blagorod. Metal. Inst. Obschei i Neorg. 
Khim., Akad. Nauk SSSR %, 73 (1932) 


A. V. Nikocacy and A. M. Rusinsutein, /zv. Sektora Platiny i Drug. Blagorod. Metal. Inst. Obschei 
i Neorg. Khim., Akad. Nauk SSSR 21, 126 (1948). 
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‘80 240 


Temperature, °C 


Fic. 1.—Thermogravimetric curves. Curve A: [Pt(NH,),JCl,-H,O, Curve B 
trans-[Pt(NH,),Cl,]. 


Twne, 


Modified thermogravimetric study of trans-[Pt(NH,),< 1]. Curve A: weight of 
sample, Curve B: temperature 


water and two of ammonia. The weight loss to the second plateau corresponded to the 
loss of the remaining ammonia and the chlorides. For [Pt(NH;),Cl,] the weight loss to 
the plateau corresponded to the formation of elemental platinum. 

Although the curves in Fig. | indicate that [Pt(NH »eCl,] is stable at 250°C, Fig. 2 
clearly shows that it is not. A careful examination of the original tracing shows initia- 


tion at about 220°C of a very slight loss in weight, which continues as the temperature 


is raised to and held at 250°C until the diammine is completely converted to platinum. 
In about 4-5 hr starting from room temperature a 192°5 mg sample was completely 
decomposed to platinum. After the initial induction period there is a constant rate of 
weight loss for a period corresponding to decomposition of over half the material, 
Which suggests that this decomposition may be zero order. Although it does not 
appear autocatalytic, a careful study of the decomposition products would be re- 
quired to decide because there may well be two processes involved, i.e. loss of NH, and 
loss of Cl, A zero order process is, however, reasonable and was found in a similar 
study of chromium(III) ammines.'® 


” N. D. Pescuxo and B. P. Buocx, J Inorg. Nucl. Chem. 15, 71 (1960) 
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RESULTS OF HEATING PLATINUM(II) AMMINES IN A FURNACE 


Substance Atmosphere | Temp. (°C) Time (hr) Wt. loss (°%) 
[Pt(NH,),JCl,-H,O air 250 16°5* 
air 234 17 43-* 
air 203 17 16°4* 
air 195 16 14-3 
[Pt(NH,), JCI air 250 ? 


69 


21.9 
3] 


[Pt(NH,).Cl,] bit 250 


14-7 


cs — Pt 
Cl > (PUNH.).¢ 10-19 Pt(NH,),j¢ 41-59 


[Pt(NH,),Cl.] —> Pt 


[he temperatures reported by the Russian investigators» for the decomposition 
points of trans-[Pt(NH,),Cl,] thus correspond to the temperature at which loss in 


weight is first detectable in the thermogravimetric analysis of [Pt(NH eCl,] under our 


conditions. We also confirm by thermogravimetric analysis the observation of 


NIKOLAEY and RUBINSHTEIN™ that water Is not removed from [Pt(NH,),]Cl,-H,O in a 
sharply defined step. The reason for this was not fully investigated, but it appears to be 
a rate phenomenon. Heating at 110°C leads to removal of all the water. and this is 
heating at 90-95°C, 

Experiments at constant temperature, both in air and in nitrogen, fully confirm the 
instability of srans-[Pt( NH,),Cl,] at 250°C. The results of several different runs are 
summarized in Table It will be seen whether [Pt(NHs),JCl,-H,O, [Pt(NH,),] 
Cl,, or trans-[PtNH,).Cl,] is heated at 250°C, there is extensive decomposition to 
elemental platinum within a relatively time. On the other hand if [Pt(NH,),]Cl,- 
H,O or [Pt(NH,),]JCI, is heated at about 200°C, the residue after constant weight is 
reached corresponds closely to theoretical conversion to trans-[Pt(NH,),Cl,]. We 
have found it possible to prepare trans-[Pt(NH \eCl,] from [Pt(NH,),JCl,-H,O or 
[Pt( NH,),JCI, by heating at 195-200°C and following the weight loss closely, but the 


temperature is very critical and small increases in temperature seem to lead to decom- 


apparently also true for 


pesition if not corrected. Decomposition is quite readily detected visually by the 
darkening of the yellow trans-[Pt(NHg),Cl,] as elemental platinum is formed. 

The furnace experiments are not in exact agreement with the Russian work or with 
the thermo; gravimetric studies. We believe this to be due to the rapid rate of heating 
employed for thermogr: ivimetry (300 C/hr), which undoubt edly causes a lag between 
the attainment of a given temperature and the observation of phenomena such as 
weight loss attributable thereto. 


EXPERIMENTAI 


NH;),)JC!,"H,O was prepared by the method of KeLter It was converted to [Pt(NH,),]C l, 
by heating to constant weight at 110°C, 2-550 g of [Pt(NH,),JCl,-H.O yielding 2-420 @ of 
[PuNH,),\ exactly the calculated weight a typical run. The samples of trans-[Pt(NH,).4 1.) were 


prepared by careful decomposition of hydrated or anhydrous [Pt(NH ,/Cl, at about 200°C in a 
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furnace. (Found: Pt 64-6, 64-2; NH, 11-3, 11-4; Cl 22 1, 22:3. Calc. for Pt(NH,),Cl,; Pt 65-0, 
NH, 11-3, Cl 23-6%) 


The thermogravimetric curves were determined on a Chevenard Thermobalance as described 


earlier." The furnaces used in the constant-temperature Studies were a Type 62 1440W muffle f 


irnace 
and a Type 70 750W tube furnace (Hevi Duty Electric Co.) Temper 


itures were regulated with ar 


Amplitrol regulator (Barber-Colman Co.) and measured with iron-constantan or chrome! 
thermocouples 


alume! 


4 
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Abstract Phosphorus tri- and pentafluorides were prepared in high yield and conversion by reaction 
of the respective chlorides and ( aF, at 300-400°. The pentafluoride is a very strong acceptor 
molecule and forms complexes with amines, ethers, nitriles. sulphoxides and other organic bases 
The '*F spectra of the complexes are fully consistent with an octahedral model, and the P-I coupling 
constants, similar to that in PF,-. Suggest a relative insensitivity of hybridization to the type of donor 
molecule. In accord with the strong acceptor properties, the pentafluoride is an excellent catalyst for 
ionic polymerizations. specially noteworthy is the PI catalysed polymerization of tetrahydrofuran 
to a very high (M,, 280,000) molecular weight elastomer Phosphorus trifluoride, unlike the penta- 
fluoride, exhibits no significant acceptor properties. However, the trifluoride does undergo a curious 
disproportionation, 3MF SPF,-—> 3MPF, + 2P, that may involve an MPF, intermediate 


Synthesis 


We have found that phosphorus fluorides can be prepared in high yield and purity 
directly from calcium fluoride and the phosphorus chlorides. Calcium fluoride reacts 
exothermally with PCI, at 300-500° to form CaCl, and PF;. In a sealed reaction 
vessel (metal) and in a flow system (glass) wherein gaseous PCI, was carried in an inert 
gas, conversions of PCI, to PF, ranged from 85 to 98 per cent. Purities were estimated 
to range from 85 to 98 per cent. Principal impurities were POF, (and SiF, when reaction 
was effected in glass equipment) and chlorine. Chlorine was readily removed by 
treatment with sulphur trioxide. Similarly, PCl, and CaF, gave PF; in 77 per cent 
yield at 350°. 

Phosphorus pentafluoride was also prepared in good yield by “chlorofluorination” 
of PF, with CaF, and chlorine at 350° in a sealed vessel. This chlorofluorination is 
probably complex since each of the steps outlined below are either known reactions or 
were demonstrated in this study: 

PF.(g) 
A 


CaF, 


PF,(g) + Cl,(g) PF,Cl,(g) > PCI, PF.-(c) 


PF(g) + PCI(g) PF,(g). 


Acceptor properties of PF, 

Phosphorus pentafluoride exhibits the general acceptor properties of the classic 
Lewis acid, BF,. Complexes of PF, with such bases as ethers. sulphoxides, amines, 
amides and esters were prepared, and data for these complexes are listed in Table 1. 
The PF; complexes are much less stable than the analogous BF, complexes. For 
example, unlike the BF, amine complexes that can be recrystallized from water, all of 
the PF; complexes are decomposed rapidly by water and by alcohols. The relation- 
ship is the reverse to that which pertains in the hydrolytic stability of BF, and 
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PF,~. The lower stability of the PF; complexes may be due at least partially to steric 
factors, the importance of which is well established in BF, complexes.” The P®* atom 
is only slightly larger than B** and yet must accommodate two more fluorine atoms in 
its complexes. Direct evidence for a Steric factor was found in ether and amine com- 
plexes: PF;-O(C,H;), is largely dissociated at 25° whereas PF;-O(CH,), can be dis- 
tilled at 116°/0-15 mm. Two hindered amines. triethylamine and 2,4,6-trimethyl- 
pyridine, showed only partial association with PF, at 25°. 

Evidence for the structure of the PF; complexes was obtained from the "F mag- 
netic resonance spectra (40 Mc/s) of acetonitrile solutions of the sulphoxide, amine, 
oxime, amide and thioamide complexes. All of these consisted of two sets of a 
doublet and quintuplet of relative intensities four and one, respectively; the two sets 
arise from 3!P_19F coupling. The doublet-quintuplet fine structure is the predicted 
pattern for an octahedral structure in which there are four equivalent, coplanar 
fluorine atoms and one apical fluorine atom. The *'P—1% coupling constants varied 
slightly (710-765 c/s) from complex to complex and ay eraged about 740 c/s, as com- 
pared to 710 c/s for PF,-. Since M-—F coupling constants appear to reflect’**) the 
fractional p character of M-F hybrid bonds (only p electrons are effective in the coup- 
ling), the near identity of J,_» in PF,~ and PF;-base suggests similar hybridization in 
these fluorides. The F—F coupling constants averaged about 55 c/s. 

The doublet-quintuplet fine structure was not obser, ed in the °F spectra of PF, 
dissolved in ethers, esters and nitriles; only a doublet was observed at 25°. In the case 
of PF;-(C,H;).O dissolved in ether, the expected pair of doublets (broadened) but not 
the pair of quintuplets were resolved at —78°. On warming, the doublets merged into 
single peaks. Loss of fine structure is attributed to the rapid equilibrium: 


PF, base —— PF-base 


that would yield effective equivalence of fluorine atoms and yet preserve *!p_l9%F 
coupling, because no P-F bonds are cleaved in this scheme. Such a rapid equilibrium 
iS consistent with the very weak donor properties of the above-cited bases. 

In accord with the strong acceptor properties of PF,, the fluoride is an outstanding 
catalyst, particularly in ionic polymerizations. I xamples of organic monomers readily 
polymerized are vinyl ethers and sulphides, isobutylene, Styrene, butadiene, dihydro- 
pyran and epoxides. Phosphorus pentafluoride, unlike boron trifluoride, is especially 
effective for the polymerization of tetrahydrofuran. Bulk polymerization of tetra- 
hydrofuran at 30° in the presence of PF, yielded very high molecular weight (M, 
180,000-280,000) elastomeric solids. Phosphorus oxyfluoride is not a catalyst for 
these polymerizations. 


Acceptor properties of PF, 

Arsenic and antimony trifluorides have been shown to function as Lewis acids by 
the formation of MAsF,‘*®) and MSbI ;”” salts and by formation of molecular com- 
plexes”) with organic bases. Thus, phosphorus trifluoride was expected to exhibit 


"HH. C. Brown and co-workers. cf H. C. Brown, J. Chem. Soc. 1248 (1956) 


H. S. Gurowskxy, D. W. McCaut and C. P. Suicuter, J. Chem. Ph 21, 279 (1953), 
E. L. Muerterties and W. D. Pritt ips, J. Amer. Chem. Soc. 81, 1084 (195 »), 
"A. A. Wooir and N. N GREENWOOD, J. Chem. Soc. 2200 (1950) 
E. L. Muerrerries and W. D Puitiips, J. Amer. Chem. Sox 79, 3686 (1957) 
H. J. Emeces 8, Fluorine Chemistry Vol 2. p 55. Academic Press, New York (1950) 
A. Besson, C.R. Acad. Sci., Paris 110, 1258 (1890); E. L. Muerrerries. { npublished work. 
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acceptor properties although to a lesser degree than the lower members of the Group 
V trifluorides. However, we could find no evidence for molecular complex formation 
and only indirect evidence for fluorophosphites. 

Fluorophosphites had been previously suggested by several investigators.* We 
found that KF and CsF do, in fact, absorb PF, at ~150° but the product is not MPF, 
but a mixture of MPF, and red phosphorus. Thus, these alkali metal fluorides induce 
a rather remarkable low temperature disproportionation of PF, with formation of the 
very stable hexafluorophosphate salts the presumed driving force of the reaction: 

3MF + SPF, —- 3MPF, + 2P 
This reaction may proceed through an MPF, intermediate.t 

Phosphorus trifluoride is only slowly absorbed by water, a weak base, but it is 
rapidly absorbed by concentrated aqueous base. This attack by OH™ ion may well 
involve intitial formation of PF,OH-. However, attempts to detect intermediate 
fluorophosphites by following the "°F spectrum (for appearance of a doublet due to 
*'P-'%F coupling) of aqueous KOH solution during PF; absorption were unsuccessful: 
only fluoride ion was detected. Thus, fluorophosphites, if they exist, are hydrolytically 
unstable as is the tetrafluoroarsenite anion. 


Fluorine exchange 

Several fluorides, AsF,, SbF, and SbF,, closely related to PF, and PF, show a 
marked tendency to undergo fast intermolecular exchange either in the pure state or 
with covalent fluorides.“ However, we found, from nuclear magnetic resonance 
studies, that neither PF, nor PF, undergo fast exchange either in the pure state or in 
the presence of a number of fluorides that are known to catalyse fluorine exchange. A 
major distinction between PF, and SbF, and between PF, and AsF, or SbF, is the 
degree of molecular association; for example, PF; (b.p. —80°) is essentially non-asso- 
ciated whereas SbF; (b.p. 150°) is highly associated through fluorine bridge bonding. 
These properties and exchange behaviours are consistent with an earlier observation 
that there is some correlation between ease of intermolecular fluorine processes and the 
degree of molecular association in a fluoride. °!” 


EXPERIMENTAI 


Materials and physical methods 


Reagent grade calcium fluoride was dried at 300-500 before use. Commercial samples of phos 
»horus chlorides and chlorine were used directly without purification. The organic bases were 
purified by standard techniques Tetrahydrofuran en ployed in the polymerization studies was 

| 


1 over KOH, then over LiAIH, and was finally distilled from I \AIH, under an atmosphere of 


nitrogen immediately prior to use 

Ihe nuclear magnetic resonance spectra were obtained with a Varian high resolution spectrometer 
and electromagnet at 40 Mc/s and 56-4 Mc/s and fields of ~7,500 and 14,000 gauss respectively 


For the fluorine e xchange studies, the fluorides were sealed in quartz capillaries (2 mm i.d.) 


* BertHeLot'®’ and Motssan'®’ proposed that fluorophosp! are formed when PF, is absorbed by 
aqucous Das howev rodu were Olated or characterized 

+ The fluorides, AsF,'* If ind TeF, react exothermaliy with KF, RbF, and CsF to form M AsF, 
MIF, and M,TeF, ts Dutr tf these fil sorides react with sodium fluor de even u jcr forcing co tions 
Similarly, we found that PI . not react with sodium fluoride 

M. Bertueor, C.R. Acad. S: Paris 100, 81 (1885) 

H. Moissan, C.R. Acad. Sci., Paris 99, 655 (1884) 

J. and A. G. SHarpe, J. Chem. 2206 (1949); E.L.M Unpublished work. 


1) E. L. Muerrerties, J. Amer. Chem. Soc. 79, 1004 (1957) 
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Synthesis of PF, and PF, 


A “Hastelloy C’’-lined pressure vessel was heated to 200-300", evacuated. cooled and then charged 
with 80 g CaF, and 50 g PCI The vessel was heated to 400° for 3 hr and then cooled. Volatile 


product was distilled directly into a cooled (—78") Stainless steel cylinder. Molecular we ghts derived 
from gas density of the crude product ranged from 115 to 121 (theory. 126) Removal of chlorine 
impurity by treatment of the gas with SO, raised the molecular weight values to ~124. The remaining 


impurities were largely POF, and SiF,. Mass spectrometric analyses consistently gave low values for 


PF, content due to hydrolysis within the spectrometer. Analytical determination of phosphorus and 


fluorine indicated purities in the 92-98 per cent range. Conversions of PCI, to crude PF. in nine 
seperate runs ranged from 85-98 per cent 
3 
A 64 mm Pyrex tube, 24 ft. in length, was packed with 400 g of ;"¢ in. calcium fluoride pellets in 


the centre 7 in. section. The reactor system was then baked out in a split furnace at 400° for 12 hr 


The entrance to the reactor was connected to a small flask fitted with a nitrogen gas inlet and filled 


with about 70 g of phosphorus pentachloride. To the exit end of the reactor was connected a cold 
trap and a gas bubbler. The cold trap was cooled with liquid nitrogen. A slow stream of nitrogen 


gas was then passed through the reactor while the flask containing the phosphorus pentachloride 


was heated to sublime the chloride into the reaction zone. The reaction was exothermic and the 


reaction Mass temperature was maintained at about 400° by control of the furnace input and of the 
rate of flow of phosphorus pentachloride. The gaseous product was collected in a liquid nitrogen 
trap and, at the completion of the reaction, it was transferred to a stainless steel cylinder. In the 


course of the reaction the section of the Pyrex tube enclosing the reaction zone was slightly etched 


due to the reaction: 


2PI SiO, 2POF, + SiF, 


f the runs, infra-red analysis indicated that the maior product (ca. 80-90 per cent) was 


In all 
phosphorus pentafluoride. The only impurities indicated were phosphorus oxyfluoride and silicon 
tetrafluoride. A summary of four runs using the above procedure is given below 


y Conversior 
Amount of PCI ane of of PCl. t Reaction time 
sublimed (g) crude PF,(°.) 


(hr) 


crude PF,( 


98 


65 
70 
100 


Ph sphorus trifluoride was prepared from PCI, and Cal Reaction of PC], (180 2) and excess 
Cal 234 7) in a “Hastelloy C” lined pressure vessel at 350° for & r cided ~107 per cent of tne 
theoretical volatile product indicating ncompilete reaction. The e product was roughly separated 
ind the “ boiling Iraction was distilled. About 89 g | 17 per ce eld) of PF,, boiling at 101 
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nation and ci lorofluorination Of phosphorus triflu le 


Stand for a further period JAYS and then was evacuated 


bout | mm pressure. The cylinder was opened and found to « n 47-7 g of a white solid that 
fumed in air and analysed approximately for a mixture of P¢ , PI (or PC F-°. The ' 
cue resonance spectrum of a pyridine solution of this s C isted Of a doublet that was 


identical to that of PI (NH,PI solution) 


a product 
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In an attempt to isolate the molecular species PF ,Cl,, the above procedure was followed except 
that immediately after mixing the product was transferred to a low temperature still. Distillation 
covering the period of 2-5 hr produced the following fractions: (1) 25 weight per cent b.p 40-0’, 
(2) 70 weight per cent b p. 0-5", and (3) 5 weight per cent of liquid residue. Fraction (2) corresponded 
approximately in boiling point to the literature value for PF,C1, but its boiling point dropped slowly 
at total reflux suggesting that slow disproportionation was occuring in the still 

The PF,-Cl, reaction was also examined by following the pressure as a function of time (Table 2, 
0-52 mole of each reagent at 25° in a 500 ml stainless steel vessel) 


TABLE 2.—PF,-Cl REACTION 


N »n-volatiles 
Time (hr) Pressure (atm) . 
weight (%) 


0 2-9 
3-0 

2 33 
19 61 39 
45 7-5 76 
65 69 79 
90 66 81 
115 6:4 81 


6°3 


These data may be interpreted in terms of a very fast reaction of PF, and Cl, to give PF,C1, followed 
by two slow reactions, one that leads to a pressure decrease, 


2PF,Cl,(/) > PCI,’ PF, (c) 
and one that gives a pressure increase, 
2PF,Cl, (/) PCI, (c) + PF; 


At the end of 140 hr, the volatile fraction was essentially all PF,, and the solid, non-volatile product 
was largely PCl,*PF,~ with small amounts of PCI, or 

A mixture of 81:2 g of PF,, 65-5 g of Cl, and 123 g of CaF, was charged into a 1 1, Hastelloy 
rocker pressure vessel and heated for 8 hr at 350°.’ The gaseous product weighed 116 g and its 
density corresponded to an average molecular weight of 115 (theory for PF,, 126). Elemental 
analysis of the gas indicated a halogen-phosphorus ratio of 4-95:1 and a fluorine-chlorine ratio of 
19:1. The product was largely phosphorus pentafluoride that contained chlorine impurities. 


Preparation of PF, complexes 


The complexes of PF, with nitrogen or sulphur organic bases were prepared by passing phosphorus 
pentafluoride slowly into a solution of the base in toluene. In some cases a precipitate was formed 
immediately and, in others, concentration of the toluene solution was necessary before a significant 
amount of crystalline complex separated out. In most instances, the complexes were recrystallized 
from tetrahydrofuran, dimethoxyethane or acetonitrile. The tetrahydrofuran complex'**’ was pre- 
pared by passing phosphorus pentafluoride into tetrahydrofuran while the reaction mass was main- 
tained at 0°. At about the point at which saturation of the tetrahydrofuran occurred. a solid product 
was formed. This material was then transferred under nitrogen to a vacuum sublimator whose 
cold finger was maintained near — 40°, and with a vacuum of approximately 0-02 to 0-05 mm, the 
complex sublimed at about 70°. The analytical data and physical properties for these complexes are 
listed in Table 1. Some complexes were characterized only by the stoicheiometry of the PI , base 
reaction; there were PF,-S(CH,),, PF,-CH,COOC,H,, PF,-CH,CN, and 2PF, N,O,. Stoicheio- 
metries were determined in a vacuum system by reacting a known volume of PF, gas with a weighed 


5) L. Muerrerties, U.S. Pat. 2810629. 
46) EF. L. Muerrerries, U.S. Pat. 2748145. 
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amount of liquid base. The decrease in pressure of the phosphorus pentafluoride (within a known 
volume of the vacuum system) then gave a rough measure of the stoicheiometry of the reaction. 

The ease of protonic attack of all the PI complexes was indicated by the observation that (1) 
molecular weight determinations in water (cryoscopic) and alcohol (ebulliometric) gave values that 
were fractions of the theoretical value and (2) the )°F spectra in water and ethanol did not show the 
fine structure exhibited in acetonitrile solutions. The complexes were not soluble in benzene but 
molecular weight determination in acetonitrile (ebulliometric) indicated the complexes were simple 
molecular species, e g. PF;-(CH;),NCHS, found, 218, calc., 215: PF “N(CH; found, 199, calc., 185; 
and PF;(CH,;),NCHO, found, 182, caic., 199 

Mr. A. L. Bippte of this laboratory indexed the PI “C.H.N complex as tetragonal with the 
parameters a 13-70 A, cy = 11:58 A, cla = 0-845, and z = 8 

Phosphorus oxyfluoride was found to be, at best. a very weak acceptor molecule, This fluoride 
gave very little heat of reaction (or solution) with typical organic bases. At 25°, the solubility of 
POF, in dimethylformamide and in dimethylsulphoxide is very low (5 per cent or less). 


Reactions of PF, 


The solubility of PF, in organic bases was determined in a vacuum system at ~600 mm PF, 
partial pressure and 25°, and the values obtained for dimethyl! sulphoxide, dimethylformamide and 
pyridine were, respectively, 0-01, 0-03, and 0-05 mole/mole of solvent. The '*F spectrum of a mixed 
solution of pyridine and liquid PF, gave the characteristic PI spectrum; there was no significant 
perturbation of the “P-'*F coupling constant. Equimolar amounts of pyridine and PF, were heated 
in a stainless steel-lined pressure vessel for 2 hr and these components were recovered unreacted 

Cesium fluoride in contact with an atmosphere of PF, in a vacuum system began to slowly absorb 
the trifluoride at about 130°. Potassium fluoride behaved similarly. X-ray investigation of the solid 
products indicated the presence of the corresponding metal hexafluorophosphates. The solid products 
when dissolved in water and filtered yielded a red-brown, insoluble material that proved by the nature 
of its combustion and by the odor of the combustion products to be amorphous red phosphorus. 
The filtrate yielded a precipitate with nitron acetate that analytical data indicated to be nitron hexa- 
fluorophosphate. (Found: C, 53-71; H, 3-74. Calc. for CoH,sN,HPF,: C, 52-41 H, 4-03°%). 

This disproportionation reaction was not driven to completion even in pressure vessels at 250°, 
presumably because the red phosphorus coated the surface of the unreacted metal fluoride. Sodium 
fluoride showed no evidence of reaction with the trifluoride in a sealed reactor at temperatures as 
high as 280° (5 hr reaction period). 


Polymerization of tetrahydrofuran 


Phosphorus pentafluoride or the phosphorus pentafluoride-tetrahydrofuran complex readily 
initiated the polymerization of tetrahydrofuran at temperatures of 10-30°.""' Uniform conversions 
to polymer of 60-70 per cent were obtained over a time range of 1-18 hr but molecular weights were 
usually at a maximum after a period of 5-7 hr. A typical example of a bulk polymerization is as 
follows: Tetrahydrofuran (89 g) containing the PF, tetrahydrofuran complex (0-24 g) was main- 
tained at 30° for 6 hr under a nitrogen atmosphere. The viscosity rapidly increased and the material 
gave no evidence of flow after 1-Shr. The resultant product was heated in water to destroy the 
catalyst and was then dissolved in tetrahydrofuran and slowly added to ice water in a W aring Blendor 
The polymer separated out as a white, shredded solid (60 per cent conversion, inherent viscosity 
3-94). High molecular weight polytetrahydrofuran samples usually showed block melting points 
greater than 150° and ranged as high as 215°. True crystalline melting points of 40-47°, as indicated 
by the disappearance of polymer crystallites to give amorphous material, were obtained by use of 
both the X-ray and polarizing hot-stage microscope methods. If 45° is taken as a representative 
crystalline melting point and if the empirical relationship, 7, | Tmp 90 (in “C), between the 
amorphous transition temperature and the crystalline melting point is used, one obtains a calculated 
value of —60° for the amorphous transition temperature. Natural rubber and neoprene have values 
of —72° and —40°, respectively. Thus, polytetrahydrofuran would appear to be inherently a rubbery 
polymer. The very high block melting points, in the range 150-200”, reflect primarily the high melt 
viscosity of the higher molecular weight polymers 


L. Muerrerties, U.S. Pat. 2856370. 
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Fluorine exchange 


Fast intermolecular exchange processes lead to collapse of fine structure in nuclear magnetic 
resonance spectra. This criterion was employed to detect exchange in PF, and PF,. Neither PF, 
nor PF, were found to undergo fast (10° sec~*) intermolecular fluorine exchange in the pure liquid 
state. In the '*F spectra, the ™P-"F coupling is not lost in liquid PF, or PF, up to the critical tempera- 
ture (estimated 7,: ~15°, PF, and ~—15°, PF,). The coupling is also preserved in the gaseous 
State at 30° in both fluorides. Retention of “PF coupling was also observed in liquid or gaseous 
PF, when this fluoride was in contact with PF, (/), AsF, (c) or (1), CsF (c), BF 3 (/), or SF, (/). The 
same was true for PF, in contact with PF, (f), ASF, (c) or (/), CsPF, (c), BF, (), IF,* (c) or (/), or 
SF,PF, (c). 


* Liquid IF, (an associated liquid) and liquid PF, are not miscible. 
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TRI- AND TETRA-MERIC PHOSPHONITRIDIC FLUORIDE* 


R. RAtzt and Cu. GRUNDMANN§ 
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Abstract—The tri- and tetra-meric phosphonitridic fluoride (PNE 2)3 and (PNF,),, respectively, can be 
easily obtained in satisfactory yields by reactir g the corresponding phosphonitridic chlorides with 


argentous fluoride. The mass spectrum proves the assumed cyclic structure for both compounds 


VARIOUS attempts have been made to convert the phosphonitridic chlorides into the 
corresponding fluorides by means of reactions with various metal fluorides. The only 
attempt, so far successful, was recently reported by SeeL), while this investigation was 
in progress. SEEL used potassium fluoro sulphinate, KSO,F, a novel fluorinating agent. 
In our laboratory it was observed that the use of commercially available argentous 
fluoride exchanges al! chlorine functions in (PNCI,), 4 by fluorine in accordance 
with the following equations: 


6AgF-AgCl 
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(PNCI,), + 16AgF-» N 8AgF-AgC! (b) 


F 


Contrary to other heavy metal fluorides, argentous fluoride did not cause any 
cleavage of the —P=-N— bonds or a change in the size of the molecule. Such a ring 
enlargement from the 6-membered P==N— ring to the 8-membered —P N—ring 
was reported earlier in the case of lead fluoride (PbF,) by Scumitz-Du Mont and 
KULKENS"™?, 

For the complete fluorination of the polymeric phosphonitridic chlorides by means 
of argentous fluoride at least 4-5—-5-0 moles of argentous fluoride per P: Cl, group were 
necessary because the first formed AgF-AgCl did not take part in the succeeding 
reaction. Since Scumitz-Du Mont and Kikens® applied only 2 moles of AgF/ 


* This article is based on work performed in 1956 and 1957 under Project 116—B of The Ohio State 
University Research Foundation sponsored by the Olin Mathieson Chemical Corporation, New York, N.Y. 
t Olin Mathieson Chemical Corporation, New Haven, Connecticut. 
$ General Cigar Co., Inc., Lancaster Pennsylvania. 
Seer, Angew. Chem. 68, 461 (1956). 
O. Scumitz-Du Mont and H. KULKens, Z. Anorg. Chem. 238, 189 (1938). 
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P:Cl, group, they were unsuccessful in the isolation of the desired phosphonitridic 
fluorides. The reaction of the various phosphonitridic chlorides with argentous 
fluoride was carried out without application of a solvent or diluent. However, 
the fluorination-reaction took place partially also in refluxing acetonitrile as a solvent, 
but in this case the separation of the highly volatile phosphonitridic chlorofluorides 
could not be achieved satisfactorily. The fluorination proceeded stepwise, and it was 
possible to obtain under certain conditions partially fluorinated compounds. In the case 
of the trimeric phosphonitridic chloride the isolation and identification of phos- 
phonitridic dichloro-tetrafluoride (P,;N,;CI,F,) with the same ring size as the starting 
material could be achieved. 

The physical properties of (PNF,), and (PNF,), were found to be in excellent 
agreement with the data given by See.. (PNF,), synthesized by the silver fluoride 
procedure melted at 28°, the boiling point at atmospheric pressure was observed to be 
52°. The corresponding values of the tetramer are 30-5° and 90°. respectively. 

The trimeric phosphonitridic dichloro-tetrafluoride is acolourless liquid, B.p.rrso num 
106-109". The two chlorine atoms in this compound could be exchanged 
by fluorine by means of argentous fluoride as well as argentic fluoride (AgF,). Attemp- 
ted fluorination of the non-fluorine-containing phosphonitridic chlorides by means of 
argentic fluoride led to excessive degradation. 

he molecular size of (PNF,), and (PNF,), could be proved by mass-spectroscopy. 
The spectra were produced at 70, 14 and 12 V accelerating potential. These spectra 
are quite well in agreement with cyclic formulae shown in equations (a) and (b). The 
interesting point about both spectra are the very large parent peaks at m/e 249 and 
m/e 332. In addition to the many fragment peaks, such as P,N,F,* in the trimer as 
well as PF,* and P,N,F,* in the tetramer, both samples contained according to the 
mass spectra a trace amount of the chloro-fluorides P,;N,F.Cl and P,N,F;Cl. How- 
ever, by conventional analytical methods it was impossible to detect any chlorine in 
(PNF,), and (PNF,), produced by the argentous fluoride method. The infra-red 
spectrum of (PNF,), was determined in carbon tetrachloride and carbon disulphide 
solutions in the ratio 0-05 g to 1 ml solvent. Strong absorption peaks at 7-75 u (vs), 
10-31 (ws), 11-55 (vs), 11-73 (vs), and 12-78 ft (vs) were observed for the 
trimer. However, no absorption band was found at 8-22 « (1218 cm~?), assigned by 
Daascu™ to the P,N, ring system. Tentatively, the fluorine atoms cause a shift of this 
absorption to shorter wavelength. 

Che infra-red spectrum of (PNF,), was determined in carbon tetrachloride and 
carbon disulphide in the ratio 0-05 g to | ml solvent. Strong absorption peaks were 
observed at 7-05 (vs), 10°31 (vs) and 13-17 (vs). 


EXPERIMENTAL 


Trimeric phosphonitridic fluoride (PNF,),. In a 500 ml two-neck glass flask connected with a 
reflux condenser, pure, finely ground trimeric phosphonitridic chloride (34 8g = 0-1 mole) was 
mixed with 132g (1-05 mols) of pulverized argentous fluoride. The condenser was cooled with 
ice-water. The reaction was started by slowly warming the mixture to 80-90°C by means of an oil- 
bath. At this temperature the main reaction took place, making it necessary to remove the oil-bath 
for some minutes. To complete the reaction the liquid part of the mixture was then refluxed for 4 hr 
in an oil-bath at 140°C. After standing overnight, the condenser was exchanged fora Sausage receiver 
which was cooled to —40°C by powered Dry-Ice. The separation of the reaction product from the 


3) L. W. Daascu, J. Amer. Chem. Soc 76, 3403 (1954) 
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silver salts was achieved by distillation from an oil-bath at 130°C, first under atmospheric pressure, 
finally at 10 mm pressure. A water-clear mobile liquid (22 g) was obtained, which was not uniform, 
but a mixture of still impure trimeric phosphonitridic fluoride and several different phosphonitridic 
chlorofluorides. The liquid was distilled at atmospheric pressure between 50 and 115°C. The liquid 
mixture of phosphonitridic chlorofluorides (22 g) was refluxed again with 15g of fresh argentous 
fluoride in an oil-bath at 110-125°C. After 12 hr the (PNF,), started to crystallize in rhombic 
crystals in the lower part of the reflux condenser. By continuous refluxing with additional 20 g of 
argentous fluoride all of the formed product could be separated from the reaction mixture in this 
manner. After 48 hr 8-5-10 g of high purity (PNF,), was obtained by scraping the hard crystals out 
of the condenser with a metal spatula. Yield: 34-5—40-5%, b.p.(750 mm): 51-8-52°C, m.p. 28°C. 
(Thiele apparatus, sealed capillary.) 

Further fluorination of the phosphonitridic chlorofluoride mixture was also achieved by means of 
argentic fluoride. Thus, an amount of 10 g of the liquid mixture was mixed at room temperature 
with 2 g-portions of 12g of argentic fluoride, allowing each portion to react completely at 110°C 
before adding the next one. After 4 hr all fluorinating agent was added and the mixture finally 
refluxed for 3 hr at 125°C. The formed (PNF,),; crystallized almost quantitatively in the lower 
part of the condenser. Yield: 4-4 g, b.p.750 mm): 52°C, m.p. 28°C. (Found: P, 36-04, 35-95; 
N, 16°40, 16:22; F, 45-47, 45-42. Calc. for P,N,F,: P, 37-31; N, 16°88; F, 45-81 >. 

Compared with the calculated value, the observed P values were somewhat low. A similar 
observation was made also on trimeric phosphonitridic bromochlorides, prepared recently by RICE 
and 

Trimeric phosphonitridic dichlorotetrafluoride. This compound was obtained by fractional distil- 
lation of the forementioned liquid mixture boiling between 50 and 115°C. An amount of 22 g of this 
mixture gave on distillation at atmosheric pressure 5 g of pure P,N,F,Cl,, b.p.c740 mm): 106-109°C, 
Np™ 14055. (Found: P, 33-04, 33-28; Cl, 25-17, 25-18. Calc. for PsN,CI,F,: P, 32-97: Cl, 25 15%). 

Tetrameric phosphonitridic fluoride (PNF,),. A mixture of tetrameric phosphonitridic chloride 
(23:2 g = 0-05 mole) and argentous fluoride (100 g = ~0:80 mole), both finely pulverized, was 
reacted in the same manner as described for (PNF,)3. A strong exothermic reaction started at 135°C 
oil-bath temperature. After 2 hr refluxing followed by standing overnight, 10 g of a liquid reaction 
product was separated from the silver salts by vacuum distillation at 160°C (3mm). A sausage 
adapter cooled with Dry-Ice was used as a receiver. In addition to the 10 g of liquid product, 3 g of 
unreacted starting material was recovered, boiling at 180°C (3mm). The liquid reaction product 
(10 g) was then refluxed with the equal amount of fresh AgF. After 6 hr the first compact crystals of 
(PNF,), appeared in the lower part of the condenser. After 12 hr the remaining liquid was vacuum- 
distilled into a Dry-Ice cooled Sausage receiver. Repeated fluorinations of this liquid product with 
8 g and finally with 6 g of fresh argentous fluoride resulted in an overall yield of 5-75 g of (PNF,), 
40 per cent; b.p.749 mm): 89-5-90-3°C, m p. 30°C. (Found: P, 36°28, 36:14; N, 16-22, 16-11: F 
45-57, 45-55. Calc. for P,N,F,: P, 37-31; N, 16°88; F, 45-81 °). 
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PREPARATION OF N,N-DIFLUQOROMETHYLAMINE AND 
N,N-DIFLUOQROETHYLAMINE* 
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(Received 27 April 1960; in revised form 27 May 1960) 


Abstract—A method is described for the preparation of N,N-difluoromethylamine and N,N-difluoro- 
ethylamine. Some of the physical properties of these compounds are listed 


THE compounds N,N-difluoromethylamine and N,N-difluoroethylamine are of 
interest in that they are the first of a homologous series containing difluoroamino 
(NF,) groups. The synthesis method itself is of interest in that it may be of general 
use in the introduction of a NF, group into an organic compound. The preparation 
involves the reaction of CH,I or C,H, with N,F, when subjected to ultra-violet 
excitation (>2750 A). 

The N,F, was prepared by the mercury discharge method." Purification was 
accomplished by chromatographic techniques using a 7 ft silica gel column at —5S5°C. 

The reactants, N,F, and reagent-grade CH,I or C,H,1, were contained in a Pyrex 
flask at a fixed distance from a 350-watt low-pressure mercury arc. The temperature 
of the reactants was not controlled and varied between 25° and 40°C. Purification of 
the CH,NF, and C,H,NF, from unreacted starting materials and other products was 
by chromatography. 

The chromatography columns were } in. o.d. copper tubes. Packing materials 
were made from 15 g of the appropriate liquid phase per 100 g of 60-80 mesh Johns- 
Manville C-22 firebrick. 

CH,NF, synthesis 
Reaction (1) was found to proceed very slowly when the compounds 
CH,!I + N,F,-> CH;NF, +.... (1) 
were placed in a Pyrex container in sunlight. When the same procedure was followed 
using the 350 W ultra-violet source, a reasonable reaction rate was obtained. The 
yield of CH,NF, and other products were dependent upon the ratio and pressure of 
the reactants. In all systems examined HCN, HNF,, L, and SiF, were formed. When 


the reaction was continued for several days ICN was also formed. 
The results as shown in Table | are from 20 hr runs where the reaction vessels 


were placed at a distance of 11 in. from the ultra-violet source. 

At a given starting pressure of N,F, the HCN yield drops as the pressure of CH,l 
is increased. This suggests that the CH, NF, as first formed is not in the ground state. 
It is thought that the excited CH,NF, can lose energy by collisions or by dehydro- 


fluorination (2) 
CH,NF, —» HCN + 2HF (2) 
* Work was done under auspices of the U.S. Atomic Energy Commission 


1) J. W. Frazer, J. Inorg. Nucl. Chem. 11, 166 (1959). 
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TABLE 1.—CH,NF, YIELD DATA 


N,F, CH,NF,* HCN* HNF,* Completion 
pressure (cm) pressure (cm) yield (°%,) yield (°%) yield (°) of reaction (1) 
2-59 2-59 4 20 trace 12 
2-59 12-9 35 5-10 50 
2-59 25-9 50 2-4 ~4 64 

30-5 30-5 52 15 ~2°5 34 


* Yield data is based on the amount of N,F, reacted. 


It was found that CH,NF, is very stable under the conditions used for the reaction. 
Purified CH,NF, was irradiated in Pyrex for 19 hr at a distance of 10 in. from the 
ultra-violet source. No reaction occurred as determined by infra-red spectroscopy. 
When heated in a Pyrex bomb for | hr 40 min at 120°C. no change could be detected 
as determined by mass spectrometer data. 

Purification of the CH,NF, was by chromatography at room temperature. The 
initial separation was made on a 10 ft di-n-decyl phthalate column. This was followed 
by a final purification using a 30 ft oxydipropyl nitrile column. The 10 ft di-n-decyl 


WAVENUMBER Cm-! 


4 
70 4 
sO 
ol 
20 

WAVELENGTH IN MICRONS 
Fic. 1. 


phthalate column separated the CH,NF, from all the aforementioned contaminants. 
However, there is often a small contaminant ( <C-1 per cent) having an apparent 
molecular weight of ninety-six as determined by mass spectrum data. This compound, 
can not be separated from the CH,NF, on the first column and therefore another 
purification is needed using the 30 ft oxydipropyl nitrile column. The compound 
might be of interest, but all attempts to synthesize it in larger quantities have failed. 
Mass spectrometer and infra-red data appear to be consistent with a compound such 
as CH,NFNF CHg. 
Final purification of the CH,NF, was by a trap-to-trap distillation retaining the 
95° to — 130°C cut. This distillation was necessary to remove traces of air and water. 
Purity and identification were based on molecular weight, mass (Table 2) and infra-red 
(Fig. 1) spectra. The molecular weight was determined by the technique of limiting 
densities; calculated 67-04, found 66-97. 
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Preparation of N,N-difluoromethylamine and N,N-difluoroethylamine 


TABLE 2.—MASS SPECTRUM DATA FOR CH,NF, 


Ion assignment Pattern (°<) 


15 100 
27 HCN 15-8 
28 CH,N 79-5 
29 CH,N* 5-6 
33 NF* 43 
46 CHNI 8-4 
47 CH,NF* 3-6 
66 CH,NF,* 5-5 
67 CH,NF,* 35-4 


Some of the physical properties of CH,NP, are listed below. The vapour-pressure 
over the range —69-0° to —19-3°C can be expressed by (3). 
75513 56631 


logy9 P = 5-6731 — 7 (3) 


where P is the pressure in centimetres of Hg and T is the temperature in degrees 
Kelvin. The temperature was determined to +-0-15°C and the pressure to +0-005 cm. 


Boiling point (760 mm) + O-1°C 

Melting point 114-8 + 0:3°C 

Density = 1-099 +. 0-0005 g/cm* at —20°C 

Latent heat of vaporization at the boiling point = 5-48 kcal/mole 
C,H;NF, synthesis 

The reaction 
C,H,I + N,F,—> C,H,;NF, +.... (4) 

was carried out in much the same manner as reaction (1). The reactants were con- 


tained in Pyrex flasks for 15 hr at a distance of 11 in. from the ultra-violet source. 
Yield data are shown in Table 3. 


TABLE 3 


N,F, C,H,I N.F, *. Yield of 
pressure (cm) pressure (cm) consumed (°,) C,H,NP, 


C.H,NF, YIELD DATA 


1-7 12 60 
1-7 34 19 61 
1-7 10-2 80 70 


Other reaction products were a trace of HCN and small percentages of HNF, and 
SiF,. In addition, there was <0-] per cent of an unknown product. 

Purification was by gas chromatography using a 25 ft di-n-decyl phthalate column 
at room temperature. A final purification was made by a trap-to-trap distillation 
retaining the —95° to —130°C cut. 

Purity was again based on molecular weight determinations; found 81-08, 
calculated 81-07. Confirmation of these results was by data obtained from the mass 
(Table 4) and infra-red (Fig. 2) spectra. 
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TABLE 4.-—-MASS SPECTRUM DATA FOR C,H;NF, 


mile [on assignment Pattern (%) 


15 CH;* 
27 C,H;* 
28 C,H,* 
29 C,H;* 
33 NF* 
43 C,H,;N* 
66 CH,NF,* 
81 C,H;NF,* 


Some of the physical properties of C,H;NF, are given below. The vapour pressure 
over the range —32-0° to -14-4°C can be expressed by 
856°30 70345 

(5) 
where P is the pressure in centimetres of Hg and T is the temperature in degrees Kelvin. 
Temperature measurements were made to +0-1°C and the pressure was measured to 
+0-005 cm. 


logy) P = 5-7005 — 


Boiling point = 14-9° + 0-1°C 
Melting point = —150-3 + 0-3°C 
The density can be expressed by 


177-14 16889 
logio D = —0-41505 


T?2 
over the range —34-8° to-14-7°C. D is the density in g/cm* and T is the temperature 
in degrees Kelvin. The density at 0°C is 1-0165 g/cm®. 
Latent heat of vaporization at the boiling point = 6-14 kcal/mole 

Care should be exercised in the handling of these materials as they are undoubtedly 
shock sensitive. In addition, they should be stored as pure compounds to insure their 
stability. It has been found that the decomposition of compounds containing (NF;,) 
groups are very often auto-catalytic. 


(6) 
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UBER DEN SCHMELZPUNKT UND DIE THERMISCHE 
DISSOZIATION VON TITANDIOXYD 
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Abstract—The behaviour of titanium dioxide has been investigated at temperatures up to the 
melting point. The oxide loses oxygen on heating. The solid residue consists of a non-stoicheio- 
metric compound of the composition TiO, _,. The value of the coefficient x depends on the tempera- 
ture and the oxygen pressure of the gaseous phase. In addition the melting points of TiO, and 
Ti,O, have been determined, and the liquidus curve of the system TiO,-Ti,O, has been measured. 
For the measurements of the melting points a method, using a sun-mirror has been developed 
with which temperatures up to 3000°C can be obtained in any gaseous atmosphere. 


DIE THERMISCHE DISSOZIATION VON TITANDIOXYD 


Von den drei bekannten Modifikationen des Titandioxyds TiO, ist allein der Rutil von 
Zimmertemperatur bis zum Schmelzpunkt bestindig. Er spaltet jedoch beim Erhitzen 
an Luft, im Vakuum oder in neutraler Gasatmosphire Sauerstoff ab. Die Sauerstoffab- 
gabe nimmt mit der Temperatur zu und erreicht gut messbare Betriige’ erst in der 
Nihe des Schmelzpunktes. Die thermische Dissoziation gemiiss 


kann durch optische und elektrische Erscheinungen nachgewiesen werden, wie im 
folgenden kurz dargelegt wird. 

TiO, verwandelt sich beim Gliihen in gefairbte Produkte mit Farbténungen, die 
bei einer von 1400 bis 1800°C ansteigenden Gliihtemperatur von grau iiber dunkelblau 
bis schwarz variieren. 

Aus Untersuchungen der elektrischen Leitfahigkeit an Titandioxyd bei Tempera- 
turen im Bereich zwischen 100°C und 1200°C lisst sich fiir jede einzelne Temperatur 
feststellen, dass mit abnehmendem Sauerstoffdruck der die Probe umgebenden 
Atmosphire der spezifische elektrische Widerstand abnimmt, d.h. die Leitfahigkeit 
ansteigt. Die Zunahme der Leitfahigkeit ist ihrerseits wieder mit der Zunahme der 
Zahl oder der Beweglichkeit von Leitungselektronen* pro Volumeneinheit des vor- 
liegenden Oxyds gekoppelt. Diese Zunahme an Leitungselektronen mit steigender 
Temperatur oder abnchmendem Sauerstoffgehalt der Gasatmosphire ist offenbar 
durch eine Abweichung des Titandioxyds von seiner ganzzahlig stéchiometrischen 
Zusammensetzung im Sinne eines Sauerstoffdefizits durch Sauerstoffabspaltung 
bedingt. Gleichzeitig entstehen und vermehren sich in der nichtdaltoniden Verbin- 
dung TiO,_, die Pohl-Schottky’schen F-Zentren, die fiir die zunehmende Farbung 
des Oxyds, d.h. fiir die Anderung der Lichtabsorption verantwortlich sind. 


* Es handelt sich hierbei nicht um Ionenleitfahigkeit, sondern, wie eigene Untersuchungen der 
Halbleitereigenschaften an den Kristallpulvern ergaben, um Elektroneniiberschussleitung vom n-Typ. 
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BISHER DURCHGEFUHRTE SCHMELZPUNKTSBESTIMMUNGEN 
AN TITANDIOXYD 

Die bis jetzt bekannten Daten fiir die Schmelztemperatur von TiO, liegen im 
Bereich zwischen 1560 und 1900°C.""') 

Nach unseren eigenen nevesten Erfahrungen sind all diese Werte immer noch mit 
der Unsicherheit behaftet, dass der Einfluss der thermischen Dissoziation auf den 
Schmelzpunkt nicht eindeutig beriicksichtigt wurde. In einer kurzen Zusammen- 
fassung von NisHIMURA) ist ein Diagramm abgebildet, nach dem bei 1825°C das 
Existenzgebiet von TiO, vollstandig aufhdrt, und die Verbindung bei héherer Tempera- 
tur in gasférmigen Sauerstoff und eine an Sauerstoff wesentlich armere Schmelze 
zerfallt. Nach unseren Ergebnissen kénnen die Phasenverhiltnisse in diesem Gebiet 
aber nicht so beschaffen sein, wie NISHIMURA angibt. 


SCHMELZAPPARATUR 

Um im Gegensatz zu allen friiher erwahnten Untersuchungen Titandioxyd unter 
willkiirlich gegebenen, verschiedensten Sauerstoffdrucken erhitzen und schmelzen zu 
kénnen, konstruierten wir eine Apparatur, die Temperaturen von mindestens 2000°C 
zu erzeugen und die Substanzprobe in die gewiinschte Atmosphire mit einer Variation 
des Sauerstoffdruckes zwischen Hochvakuum und 2 Atm zu bringen gestattete. Als 
Heizquelle diente uns dabei die mit einem Hohlspiegel fokussierte Sonnen strahlung 
(Sonnenofen"*-**)), Die technischen und berechneten Daten des riickseitig versil- 
berten und spharisch geschliffenen Glasspiegels sind aus folgender Zusammenfassung 
ersichtlich : 
TABELLE | 


| Gemessene 
Energie- Theoret. 

Spiegel- Durchmesser Maximal- 
. Numerische dichte Temperatur 

durch- des Brennweite | temperatur 

Offnung des des 
messer Sonnenbildes . des 

Brennflecks Brennflecks 

Brennflecks 


4263 
2:34 4900 € ca. 3000°C 


D 150cm d=597mm f=64lcm — 
f 
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Die Versuchsprobe mit ihrem Halter konnte durch ein Schlittensystem in drei 
Dimensionen verschoben und dadurch mit sehr grosser Genauigkeit an oder in den 
Brennfleck gefiihrt werden. Durch diese Anordnung war es méglich, den Abstand der 
Probe zum Brennfleck exakt zu beherrschen und einen Probekérper langsam bis auf 
3000°C zu erhitzen. 

Damit die Probe unter verschiedenen Gasen und Gasdrucken erhitzt werden 
konnte, umgab man sie mit einem 4 /-Rundkolben aus Jenaerglas, so dass der Brenn- 
fleck genau im Zentrum des Kolbens lag. 


DIE PRAPARATE FUR DIE SCHMELZVERSUCHE 
TiO, 


Ein besonders reines Priparat von TiO, wurde dadurch gewonnen, dass man K,TiF, mehrmals 
umkristallisierte."*"**” Als Ausgangsmaterial hierfiir diente ein von der Industrie vorgereinigtes 
Titandioxyd, dessen Reinheitsgrad sowohl chemisch als auch spektrographisch (Zeiss-Spektrograph 
Q 24) untersucht wurde. Die Substanz enthielt nur Spuren von Kupfer und Eisen. Ausserdem liess 
sich flammenspektroskopisch eine sehr geringe Spur Natrium nachweisen. Aus den Befunden konnte 
man fiir die Ausgangssubstanz einen Reinheitsgrad von etwa 99-8 °,, TiO, abschatzen. 

Ein Gewichtsteil dieses Oxyds wurde mit der doppelten Menge K ,CO, (p.a.) in einer Platinschale 
verschmolzen. Der erkaltete, feingepulverte Schmelzregulus wurde in der Platinschale mit wassriger 
verdinnter Flu@saure behandelt. Dabei schied sich K,TiF, in Schuppen ab. Wir wahlten einen 
kleinen Unterschuss an HF, damit die Sdure vollstandig verbraucht wurde und die Préparation 
anschliessend in Glasgefassen fortgesetzt werden konnte. Der K,TiF,-Brei wurde in etwa dem 
5-fachen Volumen kochenden destillierten Wassers aufgelést. Eine Verunreinigung durch SiO, trat 
hierbei nicht auf, wie die folgende chemische und spektrographische Priifung ergab. Die filtrierte, 
heisse K,TiF,-Lésung wurde auf ein Drittel eingeengt und abgekiihit. Das sich abscheidende 
Hydrat kristallisierten wir noch drei Mal aus heissem Wasser um und rauchten es in einer Platinschale 
zwei Mal mit konz. H,SO, ab. Die dadurch entstehende fluoridfreie | sung von Titanylsulfat in 
Schwefelsdure unterwarfen wir der Hydrolyse mit verdiinnter kieselsdurefreier wassriger Ammoniak- 


lésung. Das ausgeflockte Titandioxydhydrat wurde abfiltriert, ausgewaschen, in warmer verdiinnter 
H,SO,, gelést und wieder mit Ammoniaklésung ausgefallt. Diesen Reinigungsprozess durch 
Umfallung wiederholten wir dreimal, spiilten das Praparat nach der letzen Operation nochmals 
grindlich mit destilliertem Wasser aus, trockneten es bei 110°C und gliihten es 3 Stunden bei 1000°C 


Die anschliessende chemische, flammenspektroskopische und UV-spektrographische Untersuchung 
ergab héchste Reinheit des gewonnenen Titandioxyds 


Ti,O,; 


Reduziert man TiO, bei hohen Temperaturen mit Wasserstoff, dann erhalt man nach Literatur- 
angaben nur Oxyde der ungefahren Zusammensetzung TiO,..; (Ti,O,).'"-*" Die in dieser Richtung 
sehr zahlreich beschriebenen Experimente ergaben fast iibereinstimmend, dass durch Wasserstoff- 
reduktion die Stufe Ti,O, nicht zu erreichen war. | ediglich BELJAKOVA und MICHAILow” glauben 
bei ihren Reduktionsversuchen bis 1500°C Ti,O, erhalten und rOntgenographisch nachgewiesen. zu 
haben. Wir wiederholten nochmals die Versuche, Titandioxyd durch Wasserstoff zu Ti,O, 
abzubauen. 


22) F. Trompe u. M. Foex, C.R. Acad. Sci., Paris 228, 986 (1949). 
*) F. Trompe u. M. Foex. C.R. Acad. Sci., Paris 228, 1107 (1949). 
*) F. Trompe u. M. Forex, C.R. Acad. Sci., Paris 231, 44 (1950). 
Vaterials and Methods 40, 214 (1954). 
Iron Age 29, 53 (1954) 

” G. Brauer, Handb. Prap. Chem. § 912. Enke-Verlag, Stuttgart (1954). 
L. VANINO, Handb. Prap. Chem. Band I, S. 498. Enke-Verlag, Stuttgart (1913). 
EBeLMeN, Ann. Chim. Phys. 20, 392 (1847) 

H. Sainte-Cvaire Devitte, C.R. Acad. Sci., Paris 82, 1077 (1876). 
O. v. d. Proroten, Liebigs Ann. 237, 201 (1887). 
2) SOLTMANN, Thése Berne (1903). 
33) M. Bitty, Ann. Chim. (9), 16, 25 (1921). 
’R. Wyss, Ann. Chim (12), 3, 215 (1948) 
Betsakowa, A. Komar u. W. MicHaiLow, Metallurgist 14, 23 (1939). 
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Um einen méglichst hohen Reduktionsgrad zu erreichen, miissen hohe Temperaturen und lange 
Reaktionszeiten angewendet werden. Dabei stésst die Reinerhaltung der Wasserstoffatmosphare auf 
gewisse Schwierigkeiten. Wie sich bei unseren Experimenten ergab, enthalten die gebrauchlichen 
keramischen Rohre, selbst reinste Sinterkorundrohre, stets Spuren von SiO,. In der Wasserstoff- 
atmosphare bei hohen Temperaturen verwandelt sich SiO, in leichter flichtiges SiO. Die Rohre 
werden dunkel gefarbt und undicht und lassen kleine Anteile von Luft eindringen. Diese Verunreini- 
gung durch Luftsauerstoff fiihrt zu einem Gasgleichgewicht, dessen Bodenkérper vermutlich der 
beobachteten Verbindung Ti,O, entspricht. Wir glaubten, dass die erwahnten Misserfolge bei 
Versuchen, reines Ti,O, durch Wasserstoffreduktion herzustellen, auf solche Ursachen zuriickzu- 
fuihren sind, und bemihten uns, die Stérungen bei unseren Versuchen auszuschalten. 

Unsere Reduktionsapparatur enthielt ein von Wasserstoff durchstrémtes Sinterkorundrohr, 
in dem sich das Titandioxyd in einem Al,O,-Schiffchen befand. Dies Sinterkorundrohr wurde von 
einem Mantelrohr aus “‘Pythagorasmasse”’ umgeben, das durch gekiihlte Gummistopfen vakuumdicht 
mit dem zentralen Rohr verbunden war und von Stickstoff durchstrémt wurde. Wasserstoff und 
Stickstoff waren die reinsten, im Handel befindlichen Gase (“‘Elektrolytwasserstoff”’ und “*Lampen- 
stickstoff”) until wurden in Tiirmen mit aktivem Kupfer von Sauerstoff, sowie tiber Kieselgel und 
Magnesiumperchlorat von Wasserspuren befreit. Das Rohrsystem mit dem darin befindlichen 
Schiffchen wurde durch einen elektrischen RGhrenofen mit Silitstaben als Heizelementen erhitzt. 

Bei einer Reduktionstemperatur von 1430°C und einer Reduktionsdauer von 10 Stunden 
erhielten wir ein grauschwarzes, nicht ganz einheitliches Produkt, dessen Sauerstoffgehalt, durch 
quantitative Oxydation zu TiO, ermittelt, sich entsprechend der Formel TiO,.¢5, ergab. Nach einer 
Erhéhung der Reduktionsdauer auf 20 Stunden ergab sich ein Reduktionsgrad entsprechend 
TiO,.¢o,. Nach einer Reduktionsdauer von 60 Stunden jedoch besass das Reduktionsprodukt die 
Zusammensetzung TiO,.49, und auch bei 70-stiindiger Reduktion dnderte sich nichts weiter an 
dieser Zusammensetzung. Die Analysenformel TiO,.. unserer Praparate stimmt nun genau mit 
der Angabe von Exrtuicn’*.*” fiir die untere Grenze der y-Phase iiberein. Es erscheint sehr 
einleuchtend, dass die Wasserstoffreduktion gerade beim Erreichen dieser unteren Phasengrenze ihr 
Ende findet. Die vollstandige Freiheit unserer Reduktionsprodukte von Aluminium und Silicium 
wurde UV-spektrographisch festgestellt. 


Oxydproben mit einer summarischen Zusammensetzung zwischen TiO, 4 und 
TiO, 9. stellten wir durch Mischung dieser beiden Grenzoxyde dar. Die Mischungen 
wurden spiiter zu Presslingen verdichtet und homogenisierten sich von selbst im 
Verlauf der folgenden Erhitzungsprozesse. 


AUSFUHRUNG UND ERGEBNIS DER SCHMELZVERSUCHE 

Die Oxydpresslinge 

Alle Oxyde und Oxydmischungen wurden vor der Untersuchung zu zylindrischen 
Presslingen von 5-3 mm Durchmesser und etwa 45 mm Hohe geformt. Die Matrize 
der verwendeten Pressform war mit Glas ausgekleidet, um eine Verunreinigung 
der Proben mit Fremdmetall zu vermeiden. In den unteren Teil des Presslings wurde 
bereits wahrend des Pressvorganges die Spitze eines diinnen Magnesiastabchens einge- 
fiigt, welches bei den spiateren Versuchen zur Halterung diente. (Vgl. Abb.2) Die 
so vorbereiteten Presslinge wurden noch im Vakuumexsiccator iiber Magnesium- 
perchlorat von den letzen Spuren Feuchtigkeit befreit. 


Das Schmelzgefass 

Das Schmelzgerit (vgl. Abb. 3) enthielt, von einem Gummistopfen ausgehend, in 
dem bereits erwahnten Glaskolben die Untersuchungsprobe auf ihrem Magnesiastab- 
chen und daneben ein leeres Magnesiastibchen als Hilfsgerat zum Aufsuchen des 


(38) P| Exruicn, Z. Elektrochem. 45, 362 (1939). 
(37) P. Exruicn, Z. Anorg. Chem. 247, 53 (1941). 
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Ass. |.—Sonnenofen mit Spiegel, Reaktionskolben 
und Bewegungs mechanismus des Kolbens. 
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Brennflecks. Kolben und Gummistopfen wurden von einer Messingfassung getragen. 
Beide Magnesiumoxydstibchen konnten gemeinsam durch eine Spindel, die vakuum- 
dicht mit dem Kolbeninnern verbunden war, in der Hohe verstellt werden. Ausserdem 
fiihrten zwei Bohrungen in das Kolbeninnere als Vakuumanschluss und zum An- 
schliessen einer Fussballgummiblase, die als Druckausgleich zum Konstanthalten des 


Ass. 3.—Schematische Darstellung 


\ A des Sc hmelzgerites 
P—Probe, T—Schutzteller, 
G—Gummistopfe: 


i, 
| V—Vakuumanschluss, $—Spindel 
F—Fussballblase 


MgO- 
Stabchen 


Ass. 2.—Oxydpressling 


Innendrucks diente. Der Gesamtgasdruck im Kolben wurde vor der Messung auf 
einen Wert eingestellt, welcher gleich der Grésse des dusseren Luftdruckes war, 
gleichgiiltig welches im Einzelfall der Partialdruck des Sauerstoffs in der Versuchsat- 
mosphare sein sollte. Die Gummiblase bewirkte, dass dieser Gesamtdruck unab- 
hangig von Erwirmungen des Kolbens konstant blieb. 


Gasfiillung des Schmelzgefis ses 

Es ist mit Hilfe des Sonnenofens und des beschricbenen Gerites prinzipiell 
méglich, eine Substanz in beliebigen Gasatmosphiren z.B. auch in reinem Sauerstoff 
und unter Gasdrucken von etwa 10-* bis 2 Atm auf ungefahr 3000°C zu erhitzen. Die 
Lésung dieses apparativen Problems scheint anderswo bisher nicht so vollstandig 
erreicht worden zu sein. 

Zur Ermittlung des Sauerstoffgleichgewichtsdruckes von TiO, beim Schmelzpunkt- 
fiihrten wir den Schmelzprozess an verschiedenen Proben von Titandioxyd unter ver- 
schiedenen Sauerstoffdrucken durch. Die genaue Einstellung der jeweils gewiinsch- 
ten O,-Partialdrucke im Schmelzgefiiss konnte mit Hilfe einer Gasd »sierungsappara- 
tur erreicht werden. Der Glaskolben mit der litandioxydprobe wurde auf 10-4 Torr 
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evakuiert, mit gereinigtem und getrocknetem Sauerstoff gespiilt und erneut mit 
Sauerstoff bis zu einem bestimmten Partialdruck gefiillt. Ein angeschlossenes Queck- 
silbermanometer gestattete die Bestimmung dieses Druckes auf ein Torr genau. Zur 
Auffillung auf Atmosphirendruck verwendeten wir gereinigtes und getrocknetes 


Argon. 


Messung der Schmelztemperaturen von Titandioxyd unter Sauerstoffdrucken von 10-3 
Torr bis 1-5 Atm QO, 

Die bewegliche Aufhingung des Spiegels erlaubte wohl die grésste Schirfe des 
Fokus einzustellen, nicht aber seine I age im Kolben zu ermitteln. Durch Ausnitzung 
aller Verstellungsméglichkeiten des Kolbens, einschliesslich einer Drehung um seine 
Lingsachse tastete man mit dem MgO-Sucherstibchen den Inneraum ab um die 
Position des Sonnenbildes genau zu erfahren, wihrend sich die cigentliche Versuchs- 
probe noch abseits befand. Die Oxydprobe wurde nun von unten her dem Brennfleck 
vorsichtig genadhert, so dass der obere Teil des Presslings langsam zu schmelzen begann. 
Durch weiteres Eindrehen der Probe in den Brennfleck war es leicht méglich, die 
fliissige Oxydkuppe zu vergréssern. Dies Verfahren bot die Méglichkeit, jede gewiinsch- 
te Temperatur einzustellen und cinzuhalten. Da die Temperatur des Glaskolbens 
relativ niedrig blieb, war cine Beobachtung des Schmelzvorganges aus etwa 12 cm 
Entfernung leicht méglich. 

Zu Beginn der Verfliissigung waren im Oxydtropfen Schlieren sichtbar, die starken 
Wiirmebewegungen unterworfen waren und nach ciniger Zeit verschwanden. Dies 
deutete auf eine Selbsthomogenisierung der Schmelze hin. Die Vorrichtung musste 
stets senkrecht stehen, damit die Schmelze nicht abtropfte. 

Zur Festlegung der Schmelztemperaturen eignete sich nur die strahlungspyro- 
metrische Messung der Tropfenbildungstemperatur der Kuppe des Oxydstibchens. 
Das Pyrometer (Pyropto, Firma Hartmann u. Braun, Frankfurt/M.) wurde zuvor gegen 
reinstes Al,O,, CaF,, NiO und Cr,O, geeicht, wobei die Eichsubstanzen unter Argon 
und denselben apparativen Bedingungen wie die zu untersuchenden Proben geschmolzen 
wurden. Um fiir die Strahlungsintensitat der Substanz vergleichbare Werte zu erhal- 
ten, bezogen wir die fiir das hellgelbe TiO, gemessenen Werte auf die Eichwerte der 
weissen Verbindungen Al,O, und CaF,. Die reduzierten dunkelblauen Oxyde TiO,_, 
dagegen verglichen wir mit den Werten der Eichsubstanzen Cr,O, und NiO. Die 
Genauigkeit dieser Messmethode diirfte bei 2000°C etwa | 15°C betragen. Um die 
individuellen Beobachtungsfehler bei der pyromeirischen lemperaturmessung 
moglichst zu vermindern, wurden die Messungen von verschiedenen Personen durchge- 
fuhrt. Bei den Temperaturangaben handelt es sich jeweils um das arithmetische 
Mittel von 6 Messungen. 

Beim Schmelzen von Titandioxyd unter verschiedenen Sauerstoffdrucken ergaben 
sich die in Tabelle 2 zusammengefassten Beobachtungen. 

Diese Beobachtungen erstrecken sich ausser auf die Schmelztemperaturen auch 
auf den Sauerstoffgehalt und die Farbe der Schmelzprodukte nach ihrer Abkiihlung 


Die Priifung der Abbauprodukte auf ihren Sauerstoffgehalt erfolgte durch nachtragliche 
Aufoxydation. Dafir trennte man die homogen geschmolzene Kuppe der abgekiihlten Probe 
sorgfaltig vom restlichen TiO,-Stab, pulverisierte sie und gliihte sie 24 Stunden bei 1300 C in reinem 
Sauerstoff. Dabei verlief die Oxydation zu TiO, quantitativ unter Farbanderung von schwarzblau 
nach hellgelb. Unser Befund steht im Gegensatz zu anderen Versuchsangaben,'’’ nach denen die 
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volistandige Oxydation der Abbauprodukte, freilich unter etwas anderen Bedingungen, nicht 
gelungen war 


Wie die Versuche aus Tabelle 2 zeigen, wird TiO, beim Schmelzen an Luft zu 
TiO, 996 abgebaut. Diese Tatsache scheint bisher nicht hinreichend bekannt gewesen 
oder nicht beachtet worden zu sein. Beim Erhitzen von reinem Titandioxvd an Luft 
erreicht man also nicht cinen wahren Schmelzpunkt, sondern einen Zersetzungspunkt. 


TABELLE 2.—VERSUCHE UBER DAS SCHMELZEN VON TiO, IN 


VERSCHIEDENEN GASATMOSPUAREN 


Analyt 


Entstandenes | Farbe d 
Sauerstoff- Argon- Schmelz- | Dauerstoffdefi- erstarrten 
Probe Druck Druck punkt —— zit x fiir Schn 
(Torr) | (Torr) (C) — | TiO,_, in produktes 
| Schmelz- | Molen 
| produktes 
| | 1795 4 15 TiO 0-031 schwarzblau 


TiO, 0-025 


schwarzblau 


pn 


dunkelblau 
14 pl 


TiO, 0-010 


4 = 1830 + 15 TiO,,.ccs 0-004 dunkelblau 
pl 


TiO, analyt dunkelvraublau 
nicht mehr 14] 
nachweisbar 
6 500 260 1860 + 15 | ooo analyt hellblaugrau 
cht mehr 1S le 


wcisdar 


7 600 160 1870 + 15 TiOs. 0 | heligelb 
2ea 


1870 TiOg.ooo hellgelb 
| | 
a Ca 


TiO 0 | hellgelb 
2¢a 


1870 


Schmilzt man die TiO,-Probe unter 300 Torr Sauerstoffpartialdruck (Probe Nr. 5), 
dann ist wohl gewichtsanalytisch keine Sauerstoffabspaltung mehr nachweisbar; auf 
eine sehr geringe Abweichung von der ganzzahlig stéchiometrischen Zusammensetzung 
ist jedoch noch aus der Dunkelblaufiirbung der Substanz zu schliessen. Erst bei 600 
Torr Sauerstoffdruck bleibt das Titandioxyd wahrend und nach dem Schmelzprozess 
hellgelb. Der Sauerstoffdruck des Dissoziations gleichgewichts beim Schmelzpunkt 
von TiO, liegt also etwa bei 600 Torr. Die unter diesen Bedingungen gemessene 
Schmelztemperatur hat einen Wert von 1870 — 15°C und stellt den wahren Schmelz- 


punkt von unzersetztem TiO, dar. 
Beim Schmelzen im Vakuum und in Argonatmosphiire findet naturgemiiss auch 


q 
q 
1D pn 
. 2 | 1800 +15 | 
3 15 745 | 1820415 | 
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eine Sauerstoffabspaltung statt. Ihr Betrag ist fir Vakuum und fiir Argon etwas 
verschieden (Versuchs-Nr. | und 2). Diese Differenz méchten wir dahingehend inter- 
pretieren, dass die Argonatmosphare im Vergleich zum Vakuum eine diffusionshem- 
mende Rolle spielt und eine Verzégerung der Sauerstoffabspaltung hervorruft. Bei der 
geringen Dauer eines einzelnen Versuchs von maximal 3 Minuten kann sich ein solcher 
Effekt sehr bemerkbar machen. Unter Umstinden kann auch ein geringer Sauerstoff- 
gehalt im Argon von Einfluss sein 


Liquiduskurve 
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Ass. 4.—Schmelzdiagramm der Titanoxyde fiir den Bereich von TiO,.,, bis TiO, 1960/61 


@1 600 mm Hg Sauerstoffpartialdruck. @2 150 mm Hg Sauerstoffpartialdruck. 
@3 15 mm Hg Sauerstoffpartialdruck. reine Argonatmosphare. 


Bei den Versuchen erwies sich, dass sorgfaltig darauf geachtet werden musste, die 
Proben nicht zu weit in den Brennfleck zu drehen und dadurch zu iiberhitzen. Durch 
solche Uberhitzungen wiirde nimlich die Sauerstoffabspaltung wesentlich erhéht und 
eine irreversible Inhomogenitat verursacht werden. 


Messung der Schmelztemperaturen von Oxyden TiO, .sg bis TiO, unter 760 Torr Argon 


Zur Aufstellung eines vollstandigen Schmelzdiagrammes der sauerstoffreichen 
Titanoxyde wurden ausser den Untersuchungen des Dissoziationsgebietes von TiO, 
(TiO, bis TiO, .9,5), deren Ergebnisse in Tabelle 2 enthalten sind, auch Schmelzpunkts- 
bestimmungen der niederen Oxyde von TiO, 4g bis TiO,.9,, ausgefiihrt. Da die untere 
Grenze des Dissoziationsgebietes von Titandioxyd bei TiO, 9,5 liegt, konnten die 
Schmelzpunktsbestimmungen aller Oxyde mit niedrigerem Sauerstoffgehalt unter 
Argon ausgefiihrt werden, ohne dass die Substanzen dabei ihre Zusammensetzung 
veranderten. Die stéchiometrische Konstanz wurde jeweils nach dem Schmeizen 
durch Analyse (Vergliihen bei 1300°C in reinem Sauerstoff) nachgewiesen. Die 
Ergebnisse der Messungen sind im Diagramm Abb. 4 dargestellt. 

Nach diesen Befunden liegt der Schmelzpunkt von reinem Ti,O, bei 1820 + 15°C 
und nicht, wie von JUNKER durch eine unsichere Extrapolation angegeben, bei 
1900°C. Das von uns beobachtete Eutektikum bei der Zusammensetzung TiO, 
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(1655 + 15°C)entspricht einem ahnlich liegendeneutektischen Punkt, den NISHIMURA 
bei seinen Versuchen fand. 

Es ist nicht ohne weiteres zu erkennen, wie diese Schmelzkurve mit den Existenz- 
gebieten der in letzter Zeit aufgefundenen festen Phasen der Zusammensetzungen 
Ti,O;,_1 (n = 10 bis 3)°*-*” vereinigt werden kann. Ein Widerspruch braucht nicht 
vorzuliegen, wenn die Zwischenoxyde nur bei tieferen Temperaturen als 1600°C stabil 
sind. 

Die unter Argon geschmolzenen und anschliessend erstarrten niederen Oxyde sind 
ziemlich gleichférmig dunkelblau bis blauviolett gefairbt. Nach der Ostwa.p’schen 
Farbskala™ treten folgende Werte auf: 


TIO, 960 bis TiO, sg : dunkelblau, 14 pl 


TiO, 559 DIS TiO, sg : blauviolett, 13 pl 


Die thermische Dissoziation von TiO, bei tieferen Temperaturen 

Wir untersuchten weiterhin die Sauerstoffgleichgewichtsdrucke von Titandioxyd 
zwischen 1000°C und 1300°C, um weitere Daten iiber die thermische Dissoziation des 
Oxyds zu gewinnen. Fiir das gleiche Temperaturintervall und Oxydproben im Bereich 
TiO) 992 bis TiO, ogg liegen bereits Messungen von AssayaG et ai. yor. Unsere 
“igenen experimentellen Befunde an TiO,,., als Ausgangsmaterial stehen mit diesen 
Messungen in gutem Einklang. 

Wir massen die Zersetzungsdrucke von TiO, bei verschiedenen Temperaturen 
direkt manometrisch in einer Versuchsanordnung, deren Hauptteile ein vakuumdichtes 
elektrisch beheiztes Pythagorasrohr mit der Versuchsprobe und ein angeschlossenes 
U-f6rmiges Manometer mit Silicon6lfiillung waren. 

Das pulverférmige Titandioxyd wurde in einem réhrenférmigen Behilter in das 
Erhitzungsrohr eingebracht. Die Temperaturmessung erfolgte gleichzeitig durch ein 
Thermoelement und ein Strahlungspyrometer mit Anvisieren eines in der Pulverschicht 
ausgesparten Hohlraumes. Die Temperaturangaben beider Messmethoden stimmten 
sehr gut Uberein. Jeder Einzelversuch startete von einem Hochvakuum 10-5 Torr und 
Uhrte bei konstanter Temperatur rasch zum Endwert der Druckeinstellung, die stets 
vahrend einer Dauer von 2 Stunden liberpriift wurde. Die Menge des Titandioxyds 
war so hoch bemessen, dass die Abspaitung von Sauerstoff zum Fiillen des Apparat- 

olumens bis zum Gleichgewichtsgasdruck fiir die Zusammensetzung des Bodenkér- 
ers nicht ins Gewicht fiel. Fiir die Druckzunahme durch die Gasabgabe der Appara- 
tur beim Erhitzen wurde eine empirisch ermittelte Korrektur an den Messwerten 
fur po, angebracht. 

**) B. F. Naytor, J. Amer. Chem. Soc. 68, 1077 (1946). 

*) A. A. Rusakov u. G. S. ZHDANOV, Dokl. Akad. Nauk SSSR 77, 411 (1951). 


*) A. A. Rusakov u. G. S. ZHDANov. Dokl. Akad. Nauk SSSR $2, 901 (1952) 

*) N. E. Fittonenxo, V. J. KUDRYAV rsev u. I. V. Lavrov, Dokl. Akad. Nauk SSSR 86, 561 (1952). 

®) A. A. Rusaxov u. G. S$ ZHDANOV, Dokl. Akad. Nauk SSSR 9, 165 (1954) 

* C. H. SHomate, J. Amer. Chem. Soc 68, 310 (1946). 

*) S. ANDERSSON, B. CoLLén. G. Kart use, U. KUYLENSTIERNA, A. H. PesTMALIS u. S. Asprink, 
icta Chem. Scand. 11, 1653 (1957). 

*) S. ANDERSSON, B. CoLLén, U. Kt YLENSTIERNA U. A. MAGNELI, Acta Chem. Scand. 11, 1641 (1957). 


S. Asprinx u. A. MAGNELI, Acta Chem. Scand. 11, 1606 (1957) 

*) S. Asprink u. A MAGNELI, Acta Cryst. 12, 575 (1959). 

W. Ostwa.p, Die kleine Farbmesstafel. Muster—Schmid Verlag, Géttingen (1939) 
‘**) P. AssayaG, M. Dope u. R. Faivre, C.R. Acad. Sci., Paris 240, 1212 (1955). 
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TABELLE 3 
Po, (Torr) log p t(C) TC K) 1/T 
1-3 0-114 1050 1323 76 x 10-* 
2-0 0°301 1100 1373 7:3 x 10-¢ 
3-5 0-544 1150 1423° 70 10-4 
0-800 1200 1473 68 x 10-4 
10-3 1-013 1250° 1523 66 
12-9 1300 1573 64 x 
—— — 
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A ¢xtrapolierter O,-Druck beim Schmelzpunkt 
Tabelle 3 und Abbildung 5 geben die Messdaten und ihre graphische Einordnung 
im Diagramm log p vs. 1/T wieder. 


Es ergibt sich in sehr befriedigender Weise und naher Ubereinstimmung mit den 
Zahlen von AssayaG™ eine Gerade, deren Extrapolation zu héheren Temperaturen 
in unmittelbare Nahe des bei den Schmelzversuchen beobachteten Druckes von etwa 


600 Torr bei 1870°C fiihrt. 
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UBER DIE OXYDE DES CERS—IV* 
DIE SAUERSTOFFZERSETZUNGDRUCKE IM SYSTEM DER CEROXYDE 


G. BRAUER, K. A. GINGERICH und U. HoLTscHMIpT 
Chemisches Laboratorium, Universitit Freiburg, Freiburg/Brg. 


(Received 20 May 1960) 


Abstract-——Systematic measurements of oxygen dissociation pressure in the system of the cerium 
oxides from CeO, to Ce,O, are reported for the temperature range from 600 to 1050°C, using a 
dynamic method with given hydrogen-water-vapour mixtures. The oxygen dissociation pressures 
have values between 10-*’ and 10°-** atm. From these results isotherms of the oxygen dissociation 
pressure are plotted as log po, versus composition of the solid for 600, 700, 800, 900 and 1000°C. 


From the shape of these isothermes conclusions were made with respect to the phase relationships 
and the heats of formation of the system considered 


IN friheren Arbeiten".*.® haben wir die Reduzierbarkeit von Cerdioxyd mittels 
strémenden Wasserstoffs sowie den Einfluss von Fremdoxydzusiitzen auf die 
Geschwindigkeit dieser Reaktion untersucht. Aus diesen kinetischen Messungen 
konnten halbquantitative Aussagen erhalten werden, die gleichzeitig erlaubten, 
einige Unstimmigkeiten in den Aussagen Alterer und neuerer Autoren iiber die 
Reduktion von CeO, zu deuten.t Zum Verstindnis des Gesamtverhaltens der 
Ceroxyde fehlten jedoch bisher die fundamental wichtige Kenntnis ihrer Sauner- 
stoffzersetzungsdrucke und damit sichere Unterlagen fiir ihre Bildungsenergien bei 
verschiedener Zusammensetzung. 

In der Literatur finden sich lediglich bei ScHENK und Rorters' Angaben iiber 
einige Gleichgewichtseinstellungen an Ceroxyden in einem CO,-CO-Gasgemisch. 
Das Hauptzicl dieser Arbeit lag allerdings im Nachweis der Beeinflussung des 
Redoxgleichzewichts durch zugesetzte Fremdoxyde. Dementsprechend sind auch die 
Angaben darin fiir reine Ceroxyde nur kurz und enthalten ausser der Feststellung, 
dass der Bodenkérper bei 700°C im Bereich CeO, 9.-CeO, 4, und bei 900°C im 
Bereich CeO, 9¢-CeO, einphasig ist, keine Berechnungen von Sauerstoffzerset- 


zungsdrucken. 

Uber die systematische Messung der Sauerstoffzersetzungsdrucke im System 
der Ceroxyde CeO,-Ce,O, soll hier berichtet werden. Die gleichzeitig mit dieser 
Untersuchung durchgefiihrte réntgenographische Arbeit’ diente zur Aufklérung 


der kristallchemischen Verhiltnisse. Eine weitere réntgenographische Untersuchung 


durch Bevan’ zeigte zusiitzlich, wie komplex das Phasenverhalten der Ceroxyde 


sein muss. 


* Der Inhalt d wurde in gekiirzter Form auf dem 61. Annual Meeting of the American 
Ceramic Society Chicago am 19. Mai 1959 von K. A. GINGERICH vor "CT 


tine aus! ihe Diskussion der hier nicht ausdriicklich zitiertcen bekannien Literatur Uber die 
Cervayde finde ch in der I. Mitteilung 
Mitteilune: G. Braver u. U. Hortscumipr, 7. Anorg. Chem. 265, 105 51) 
Il. Mitteilung: G. Braver u. H. Gravincer, 7. Anorg. Chem. 277, 89 (1954) 
Mitteilune: G. Braver u. U. Hortscumipr, 7. Anore. Chem. 279, 129 (1955) 


R. Scurncw u. H. Rovers, 7. Anorg. Chem. 211, 65 (1933) 
D. J. M. Bevan, J. Jnorg. Nucl. Chem. 1, 49 (1955) 
G. Brauer u. K. A. Gincericn, J. Jnorg. Nucl. Chem. 16, 8 


(1960) 
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ausserdem im Bereich CeO,99-CeO,..5 eine rontgenographische Hochtemperatur- 


- 


untersuchung’® durch. Eine zusammenfassende Besprechung des Systems der 


Ceroxyde unter Beriicksichtigung aller neueren Ergebnisse geben wir in Anschluss 
an diese letztere Untersuchung. 


EXPERIMENTELLES 


Untersuchungsverfahren. Die Sauerstoffzersetzungdrucke der Ceroxyde im experimentell 
zuganglichen Temperaturbereich sind fiir eine direkte Messung zu klein. Wir benutzten daher eine 
indirekte Methode und wihlten die Gleichgewichtseinstellung der untersuchten Oxydpraparate mit 
gasformigen W asserstoff-Wasserdampf-Gemischen bekannter Zusammensetzung, fiir die iiber einen 
grossen Temperaturbereich aus bekannten Daten der zugehorige Sauerstoffpartialdruck berechnet 
werden kann. Die Gasgemische leiteten wir mit konstanter Geschwindigkeit ber die Proben und 
verfolgten die Gleichgewichtseinstellung durch wiederholte Wagung des Oxydpriparats. Diese 
dynamische Gleichgew ichtseinstellung verdiente den Vorzug, weil in den verwendeten Gasgemischen 
ein sehr einseitiges Verhadltnis von Wasserstoff zu Wasserdampf vorlag. Ferner konnten auf diese 
Weise Stérungen infolge Thermodiffusion besser als bei einer Statischen Gleichgew ichtseinstellung 
vermieden werden. Wahrend einer Serie von Gleichgew ichtsmessungen hielten wir den W asserdampf- 
partialdruck konstant und untersuchten die Abhangigkeit zwischen Gleichgewichtszusammensetzung 
und Gleichgewichtstemperatur. 

Wir konnten bei Temperaturen oberhalb 600°C die Gleichgewichtseinstellungen reversibel 
durchfiihren und sind der Ansicht, dass echte Gleichgewichtsbedingungen beobachtet wurden. 
Diese Feststellung findet eine Stiitze in den Ergebnissen unserer rontgenographischen Hochtemperatur- 
untersuchung. '* 

Die aus den Gleichgewichtsdaten berechneten Sauerstoffpartialdrucke kénnen als wahre 
Dampfdrucke der Ceroxyde bei den Untersuchungstemperaturen angesehen werden, da gemiiss 
Brewer'’’ bei diesen Oxyden die Bildung von flichtigen Suboxyden erst bei sehr viel héheren 
Temperaturen beginnt. Ebenso traten unter unseren Versuchsbedingungen auch keine fliichtigen 
Hydroxyde auf, wie dies fiir Berylliumoxyd ” und Zinkoxyd'® bekannt ist. 

Apparatur. Die fir die Untersuchung verwendete Apparatur musste die villige Befreiung des 
Ausgangswasserstoffs von Sauerstoff und Wasserspuren gestatten und es ermdglichen, diesem 
Wasserstoff einen Zusatz von W asserdampf von wohldefiniertem, auch iiber langere Zeit konstant zu 
haltenden Partialdruck beizumischen. Ferner mussten die Praparate ihrer Pyrophoritat wegen unter 
Luftabschluss hantiert werden kénnen. Abbildung 1 zeigt schematisch die Apparatur. 

Zur Entfernung von Sauerstoff und Wasser passierte der aus einer Stahlflasche entnommene 
vorgereinigte Elektrolytwasserstoff nacheinander einen mit Schwefelsdure beschickten Blasenzahler. 
eine auf etwa 180°C geheitzte, mit aktiviertem Kupfer beschickte Saule, ein Rohr mit Kieselgel und 
ein U-Rohr mit Phosphorpentoxyd. Darauf folgte, durch einen gasdichten Tombakschlauch 
verbunden, ein 4 Liter-Kolben k mit wassriger Schwefelsdure oder Rohrzuckerlésung in einem 
auf 0-1°C genau regulierten Thermostaten. In diese Flissigkeit wurde der Wasserstoff unter Uber- 
druck von etwa 150 mm Hg durch eine G 3-Fritte in Form feiner Gasblaschen eingespresst, die sich 
beim Hochperlen mit einem bestimmten Wasserdampfdruck beluden. Ein System von Hiahnen 
gestattete es den Kolben zu umgehen und bei Bedarf auch den trockenen Wasserstoff zu entnehmen. 
Es folgte das ebenfalls mit einem Tombakschlauch verbundene Reaktionsrohr aus Quarzglas mit 
dem Wagerohr w. Ein Blasenzahler mit konz. Schwefelsdure bildete den Abschluss. Wahrend 
samtlicher Versuchsreihen wurde eine ziemlich konstante Stromungsgeschwindigkeit von ca. 2°5 bis 3 
Litern pro Stunde eingehalten. 

Die Handhabungen beim Wagen der Ceroxydpraparate, die sich in einem Korundschiffchen 
befanden, erfolgten in ahnlicher Weise, wie bei unseren friiheren Untersuchungen " Eine kleine 
Verbesserung der friiher beschriebenen Apparatur war dahingehend angebracht worden, dass das 
Reaktionsrohr nicht mehr mit aufgekitteten Schliffen versehen war, sondern, wie aus der Abbildu gl 
L. Brewer, Chem. Rev. 52, 1 (1953). 

‘*) J. I. GROSSWEINER u. R. L. Serrert. J. Amer. ( hem, Soc. 74, 2701 (1952). 
‘*) O. Gremser, H. G. Viz u. B Meyer, Z. Anorg. Chem. 292, 311 (1957). 


Im Anschluss an die Messung der Sauerstoffzersetzungsdrucke fiihrten wir 
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hervorgeht, aus einem Stiick bestand und in der Mitte eine Verjiingung hatte. Diese war so ange- 
bracht, dass beim Wicdereinziehen des Schiffchens dieses genau in der Ofenmitte stehen blieb. 
Bei jeder Unterbrechung der Gleichgewichtseinstellung zwecks Wagung wurde das heisse Schiffchen 
mit dem Oxydpraparat in eine wassergekiihlte Zone a des Reaktionsrohres hineingestossen und so 
aus dem Gleichgewichtszustand abgeschreckt. Es war notig, dabei das Wasserstoff-Wasserdampf- 
gemisch durch gereinigten Stickstoff (Anschluss t) zu verdrangen. Beide Massnahmen verhinderten, 
dass beim Abkihlen eine Aufoxydation stattfand. Beim Wiedereinfiihren des gewogenen Praparates 
in den Ofen zur Fortsetzung der Messreihe wurde Vorsorge getroffen, dass das Praparat méglichst 
sofort wieder den gewiinschten Gleichgewichtsbedingungen ausgesetzt war. Dazu wurde der Ofen 


Ass. 1.—Apparatur zur Erhitzung von Ceroxyden im Wasserstoff-W asserdampf-Strom. 
(v Quecksilberventile, k Kolben mit Schwefelsdure oder Zuckeri sung, th Thermoelement, 
w WaAgerohr, a gekiihlte Zone, t Anschluss fiir gereinigten Stickstoff). 


zuvor auf eine empirisch ermittelte Ubertemperatur geheizt, die so gewahit war (etwa 30°C iiber der 
Gleichgewichtstemperatur bei 600°C und 70 bis 80° bei 1000°C), dass aus dem Temperaturausgleich 
zwischen Ofen und kaltem Praparat sofort die gewiinschte Gleichgewichtstemperatur resultierte. 

Die Reinigung des Stickstoffs erfolgte in einer besonderen Anlage in der gleichen Weise wie die 
des Wasserstoffs. 

Die Praparate wurden durch einen Réhrenofen mit Megapyrdrahtwicklung beheizt, dessen 
Temperatur im Bereich von 500 bis 1200°C genau geregelt werden konnte.Die Temperaturverteilung 
langs des Korundschiffchens mit dem Ceroxyd-Praparat war auf +2-5°C konstant. Die Temperatur- 
messung erfolgte mittels eines Pt/Pt-Rh Thermoelements th. Thermoelement und Temperatur- 
anzeigeinstrument waren vorher mit dem Schmelzpunkt des Silbers (960°C) gepriift worden 

Bestimmung der Wasserdampfdrucke. Bei einer Bestimmung des Wasserdampfdrucks wurde 
anstelle des Wigerohres ein Verjiingungsstiick in das Quarzrohr eingesetzt und daran ein mit 
Phosphorpentoxyd gefiilltes U-Rohr angeschlossen. Die gebundene W assermenge wurde durch 
Wagung aus der Gewichtsdifferenz des U-Rohres vor und nach einer bestimmten Versuchszeit 
ermittelt. Das Wasserstoffvolumen, das waihrend dieser Versuchszeit dic Apparatur durchstrémt 
hatte, wurde mittels eines Gasometers unter Beriicksichtigung des herrschenden Luftdrucks bestimmt. 

In Vorversuchen stellten wir fest, dass Schwefelsduren aus dem Konzentrationsbereich zwischen 80 
und 68 Gewichtsprozent W asserdampfdrucke besitzen, die gunstig fur die Einstellung von Reduktions- 
gleichgewichten in weiten Bereichen des Systems CeO,-Ce,O, sind. Die grosse Menge der Schwefel- 
saure (jeweils 6°5 bis 7 kg) gewahrleistete eine Konstanz des Dampfdrucks liber lange Versuchszeiten. 
Diese Konstanz haben wir am Ende einer jeden Serie von Gleichgewichtseinstellungen analytisch 
lberpriift und bestatigt. Die Wasserdampfpartialdrucke, die sich bei unserer Versuchsfiihrung bei 
den verschiedenen Saurekonzentrationen einstellten, waren 0-088, 0-28, 0-58, 0-86 und 0-93 mm Hg. 
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Zur Einstellung eines Wasserdampfpartialdruckes in der Nahe des Sattigungsdruckes des Wassers 
bei Raumtemperatur benutzten wir cine 5Sproz. (etwa 2 molare) Rohrzuckerlésung Die Viskositat 
dieser I Osung war 4hnlich wie bei den verwendeten Schwefelsduren gross genug, um ein Verspritzen 
der Flissigkeit in Apparateteile ausserhalb des Thermostaten zu vermeiden Gleichzeitig anderte 
sich die Molaritat dieser L Gsung bei der Entnahme von etwa 60 cm* Wasser wahrend der Messrcihe 
nur so geringfiigig, dass die damit verbundene Dampfdruckerhi hung vernachlassigt werden durfte. 
Mehrfaches U berpriifen e ergab, dass der Dampfdruck innerhalb der Messgenauigkeit konstant 
15-9 mm Hg blieb. 

Ausgangspraparate. Als Ausg oe fir unsere Untersuchung Stand cin 99 8proz 
Ceroxyd zur Verfiigung. Dies wurde, ahnlich wie wir es in einer friiheren Mitteilung''’ beschrieben, 
einer be esonderen Reinigung unter Verwendung der von Bock"?” angegebenen Methoden unterworfen 
Die Farbe des auf diese Weise gereinigten C erdioxyds ist beinahe rein weiss mit einem ganz schwach 

gelblichen Farbton. Hier sei noch eine Bemerkung liber die Farbe von Ce,O, cingefugt: Reinstes 
re e,O, ist gol dgelb ohne jenen olivfarbenen oder grin! lichen Stich, mit dem es sonst beschrieben wird. 
Praparate, die die unreinen Farbténe zeigen, sind bereits schwach oxydiert 


Einstellung der Reduktionsgleichzewichte. Zur experimenicllen I instellung eines Gleichgew ichts 
wurde cine eingewogene Menge CeO, dem strémenden Wasserstoff_-W asserdam pt-Gemisch bekannter 
Zusammensetzung bei einer bestimmten Temperatur ausgesetzt. Die Temperatur war so gewahli 


dass der Sauerstoffzersetzunesdruck des Oxydpraparats tiber dem Sauerstoffpartialdruck der 
Gasphase lag. Bei cinem belicbigen Reduktionsgrad wurde die Reduktion abgebrochen und die 
Temperatur soweit ernie lrigt, bis des Zersetzungsdruck unter dem Sauerstoffdruck der Gasphase lag, 
so dass also wieder cine geringe Oxydation eintrat, feststellbar am Gewicht des Praparats. Durch 
weiteres Eingabeln erhielt man schliesslich die Temperatur des Gleicheewichts, bei der der Zersetzungs- 
druck und Partialdruck in der Gasphase identisch sind, die Probe also gewichtskonstant blieb. Bei- 


spielsweise fanden wir auf diese Art fiir die Messreihe bei 0-088 mm Hg Wasserdampfdruck. dass fiir 


den Bereich CeO,.,;-CeO,.;,. eine Gleichgewichtste: mperatur von 860 C existiert, die un: ibhangig von 
der Bodenkérperzusammensetzung ist Oxydpraparate CeO, CeO CeO, 
und CeO,.;. blieben bei 24-stiind iger Exposition gewichtskonstant. Ein Erhitzen von CeO,.,. bei 
850 C hatte Oxydation zu CeO zur Folge. Die sauerstoffreiche Grenze des Bereichs wurde 


dadurch ermittelt, dass reines CeO, der Temperatur 860 (¢ ausgesetzt wurde; nach acht Tagen war 
Gewichtskonstanz bei einer Zusammensetzung von oder CcO,..., erreicht Ausserdem 
wurde cin Praparat CeO,.,,, je 24 Stunden einer etwas niedrigeren (850 C) und einer etwas héheren 
(870 C) Temperatur ausgesetzt. Im ersten Falle trat Oxydation zu CeO,.,;, ein, im zweiten Falle 
Reduktion zu CeO,.95.. In der weiteren Verfolgung dieser Messreihe bei 0-088 mm Hg Wasser- 
dampfdruck wurde nun von CeO, ausgehend die Temperatur gesenkt. Bei 800, 700 und 600°C fand 
Reduktion Statt, bis sich jeweils eine bestimmie Zusammensetzung. namlich ¢ CeO,.+5, und 
CeO,.s69 cinstellte und bei weiterer Versuchsdauer konstant blieb Geringe Erniedrigungen der 
Temperatur unter die drei genannten, speziellen Werte hatte wieder cine Oxydation zur Folge, 
geringe Erhéhung der Temperatur bewirkte wieder cine Reduktion. Innerhalb dieses Mittelbereichs 
CeO, .¢-CeO,.<; bestand also eine Abhangigkeit der Gleichgewichtstemperat ir von der Boden- 
kOrperzusammensetzung 

In gleicher Weise wurde bei den W asserdampfpartialdrucken 0-28 und 0-93 mm Hg gefunden, dass 


Bodenkorp perzusammensetzung und Gleic! wwewichtstemperatur im Zwischengebiet CeO,.,.-CeO,..- 
Stark abhangig, im Gebiet CeO,.,--CeO Cagegen vonemander unabhiangig sind 
Bei der Messreihe mit 0-58 mm Hg Wasserdampfpartialdruck wurde das Verfahren zur Bestimmung 
der Gleichgewichtstemperatur fur den Bereich CeO,.,--CeO dahingehend abgekirzt, dass nur 
diejenige Temperatur auigesucht wurde, bei der Cerdioxyd zu CeO, «:9 reduziert wurde. Die 


Messwerte fiir alle diese Gleichgewichte sind in Tabelle | aufgefihrt 

Bei den Wasserdampfpart aldrucken 0-93, 0-28 und 0-088 mm Hg wurden auch Messun: ven im 
Bereich CeO, CeO,..; vorgenommen. Bei diesen Bedingungen legen die Gleichvewichtste mpera- 
turen relativ niedrig. Gewichtsversch ebungen in der Nahe der Gleichgewichtsiage erfole gen nur 
sehr langsam, und die definitive Einstellung kann erst in sehr langen Zeiten erreicht werden. Beim 
Wasserdampfdruck 0-088 mm Hg lagen die Gleichgewichtstemperaturen fiir den Bereich CeO 
CeO,..5 schatzungsweise zwischen 500 und $50 C, und die Gleichgewichtseinstellur gen liessen sich 


innerhalb von zwei bis drei Wochen Uberhaupt nicht mehr durchfiihren. Fs wurden zwar zu Beginn 
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der Untersuchung cinige solche Messungen ausgefiihrt; deren Ergebnisse liessen sich aber nicht mit 
den bei 0-86 mm Hg Wasserdampfpartialdruck erhaltenen vereinbaren. entsprachen offenbar keinen 
echten Gleichgew ichtsbedingungen und wurden deshalb nicht beriicksichtigt 

Bei der Reihe mit 0-86 mm Hg Wasserdampfdruck zeigte sich fiir den Bereich CeOy.oo~CeO,.«s, 
dass ciner sehr geringfiigigen Anderung der Temperatur eine sehr grosse Anderung in der Gleich- 
gewichtszusammensetzung entspricht. Eine genaue Konstanthaltung der Temperatur langs des 
ganzen Oxydprdparats war daher wesentlich. Wir bauten fiir diesen Zweck einen Roéhrenofen 
von ca. 36cm Linge, bei welchem sich der Abstand der einzelnen Heizleiterspiralen von der 
Ofenmitte ausgehend nach den Ofenenden zu Stetig verringerte. Dadurch wurde in der Ofenmitte 
eine besonders gleichfOrmige Zone erhalten, in welcher beispielsweise cine Temperatur von 650°C 
auf 7 cm Lange mit +0-5°C konstant war. Auf diese Weise waren die maximal méglichen zeitlichen 
Temperaturschwankungen auf der ganzen Lange des Praparats wahrend einer beliebig langen 
Versuchsdauer auf weniger als +1-5°C herabgemindert. 

Im Bereich CeO,.,.-CeO,... wurden keine Gleichgewichte festgelegt Bei 615°C trat langsame 
Reduktion von CeO, bis zu einer Zusammensetzung CeO,.,, cin, wahrend cin reduziertes Praparat 
bei 600°C zu CeO,., oxydiert wurde. In diesem Bereich ist die Gleichgewichtstemperatur offen- 
sichtlich von der Bodenkérperzusammensetzung unabhangig und lisst sich auf 610°C schiitzen. 
Im Bereich CeO, ...-CeO,.«s dagegen konnte fiir eine bestimmte Temperatur reversibel eine bestimmte 
Zusammensetzung eingestellt werden, obgleich die Abhangigkeit der Temperatur von der Zusammen- 
setzung um cin Vielfaches geringer ist als im Bereich 

Der Bereich CeOy,.o9-CeO,..9 wurde zusitzlich bei einem Wasserdampfpartialdruck von 15-9 mm 
Hg untersucht. Die entsprechenden Gleichgewichtstemperaturen liegen hier hoch genug, um eine 
Gleichgewichtseinstellung schon in wenigen Tagen zu erméglichen. Wir fanden, dass fiir den ganzen 
Bereich eine Abhangigkeit zwischen Temperatur und Zusammensetzung besteht 

Bei dieser Messreihe wurden die frither beschriebenen experimenicllen Massnahmen in einigen 
Punkten ergiinzt: Die Praparate wurden zur Wagung nicht in Stickstoff, sondern in trockenem 
Wasserstot! abgeschreckt, um Stérungen durch den hohen W asserdampfgchalt des Reaktionsgases 
beim Abkihlen zu vermeiden und dann erst unter Stickstofi gewogen. Wir priiften, dass cine 
zusitzliche Reduktion durch den reinen Wasserstoff vernachlassigt werden konnte. Weiterhin 
wurde bei dieser Messreihe darauf geachtet, ob sich wahrend der Versuche flichtige Verbindungen 
bildeten. Dazu wurde am Ende jeder Versuchsserie das Oxydpraparat zu CeO, vergliiht. Es ergab 
sich, dass selbst bei einer Versuchsserie von zwei Wochen Dauer die ei: gesetzte Cerdioxydmenge 
unveraindert geblieben war 

ERGEBNISSE UND DISKUSSION 

Sauerstofjdrucke. Die Ergebnisse der Gleichgewichtsmessungen sind in Tabelle | 
zusammengestellt. In ihr sind die verschiedenen Messreihen nach steigendem 
Wasserdampfpartialdruck angeordnet, die Gleichgewichtsdaten innerhalb einer 
Messreihe nach steigender 1 emperatur. Die Zusammensetzung der Bodenkérper 
wird durch eine summarische Formel CeO, (Bruttoforme!) wiedergegeben. Der 
mittlere Fehler der Bestimmung der Zusammensetzung ist mit + 0-002 am Wert des 
Koeffizienten m zu veranschlagen. Die Sauerstoffpartialdrucke der Gasphase wurden 
gemiss der Bezichung 


) 
log A log 
“Lo Puo J 
berechnet. Die Werte von log K, fiir die einzelnen Temperaturen wurden den 
Tabellen von Zeist’ entnommen. Die log K,-Werte fiir Ten peraturen unterhalb 
1000°K sind in den Tabellen nicht enthalten und mussten durch Extrapolation 
bestimmt werden. Da unsere Messungen unter Gleichgewichtsbedingungen aus- 
gefuhrt wurden, sind die so berechneten Sauerstoffpartialdrucke der Gasphase 
identisch mit den Sauerstoffzersetzungsdrucken der betreffenden Ceroxyde 
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TABELLE |.—REDUKTIONSGLEICHGEWICHTE UND SAUERSTOFFZERSETZUNGSDRUCKE 
DER CEROXYDE 


Gleich- Zusammensetzung Richtung der Po 
Nr Fn. 4H ) gewichtstemp. im Gleichgew. Gleichgewicht- (Atm) 
(°C) (Bruttoformel) seinstellung 
It | 0-088 540 Ru. Of 1-4 x 10-*4 
2 600 CeO,.s30 Ru.O 2:0 x 10-* 
3 700 CeO,.297 Ru.O 2:2 x 10-** 
4 | 800 Ru.O 6-7 x 
5-11 860 CeO, 67—1-50 1:3 x 10-*5 


25 800 
26 900 


CeO, 


CeO,.2 
CeO,,.;, 
CeO,.:5 


98 x 10 
29 x 10 
35 x 10 


CeO,.250 .O x 
13 600 CeO, 645 Ru.O 20 x 10°" 
14 700 Ru.O 19 x 10-** 
15 800 Ru.O 67 x 10-** 
16 900 722 Ru.O 8-1 x 10-** 


CeO O 2:00 x 10-*° 


616 Ru.O 7-60 x 10-%° Vol, 
30 620 CeO, R 9-55 x 10-*° 16 
31 623 CeO,..ccs Ru.O 1-20 x 10-** 1960/61 
32+ 640 CeO,.e50 oO 5-01 x 
33 0-93 655 Ru.O 1-3 
34 700 CeO, Ru.O 2:5 x 10-*7 
35 800 615 Ru.O 7-6 x 10-*5 
36 } 900 CeO, 778 R u.O 9-1 10 38 
37 1000 CeO,.200 Ru.O 45x 

38-42 1045 2-5 x 10-*° 


tN 
| 
~ 


43 15-9 600 R 


44 «| 650 CeO). R 3-02 x 10-** 
45 | 680 oO 2:09 x 10-*5 
46 700 CeO... Oo 7:20 x 10-*5 
47 720 2-40 x 10-*4 ; 
48 750 Ru.O 1-51 x 10-*3 
49 760 Ru.O 2:52 x 10-8 
50 780 R 8-32 x 10-*8 
51 795 CeO, Ru.O 1:82 x 
52 805 CeO, Ru.O 3-02 x 10-* 
53 825 CeO Ru.O 8-71 x 
54 835 CeO, 645 Ru.O 1:26 10-74 
5st | 870 CeO,.<39 R 4:37 x 10-" 
56+ 940 R 1-45 x 
1050 CeO,.290 Ru.O 9-55 x 


+ Diese Messungen sind infolge von Besonderheiten der Versuchsfiihrung weniger sicher als die Ubrigen. 
3 O bedeutet Gleichgewichtseinstellung durch Oxydation, R durch Reduktion. 
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23 0-58 625 2x10" ‘ 
4 6 0 oO 6-2 x 10-% 
24 | 00 R 28 
2 R 23 
27 | 1000 | 1-8 x 
28 (O86 600 
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In Abbildung 2 sind als unmittelbare Versuchsergebnisse die Gleichgewichts- 
temperaturen in Abhiangigkeit von der Bodenkérperzusammensetzung aufgetragen, 
geordnet nach den verschiedenen konstanten Wasserdampfdrucken. Die daraus 
abgeleitete Abhangigkeit des Sauerstoffdrucks von der Bodenkérperzusammensetzung 


n=200 190 1,80 170 160 150 
#£«Zusommensetzung CeO, 


Ass. 2.—Gleichgewichtstemperaturen und Bodenkérperzusammensetzungen bei der Umset- 

zung von Ceroxyden mit Wasserstoff-Wasserdampf-Gemischen. (Die angeschriebenen 

Parameter 15-9, 0-93, 0-58, 0-28 und 0-088 sind die Wasserdampfdrucke in mm Hg fiir die 
einzelnen Messreihen.) 


+ 
190 180 170 160 150 
Zusommensetzung CeO, 


Ass. 3.—Abhingigkeit des Sauerstoffzersetzungsdruckes von der Bodenkérperzusammen- 
setzung bei Ceroxyden. (Die angeschriebenen Parameter 15-9, 0-93, 0-58, 0-28 und 0-088 sind 
die Wasserdampfdrucke in mm Hg fiir die einzelnen Messreihen.) 


ist in Abbildung 3 dargestellt. Langs der Kurven dieser Abbildung variiert die 
Temperatur. Durch Herausgreifen geeigneter Kurvenpunkte gelangt man zu der 
liblichen Darstellung mit Isothermen. So ist in der Abbildung 4 die Abhingigkeit 
der log po,-Werte von der Bodenkérperzusammensetzung durch Isothermen fiir 
600, 700, 800, 900 und 1000°C dargestellt. Die log po Werte wurden direkt aus 
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Versuchsdaten berechnet (Tabelle 1) oder graphisch ermittelt. Zur graphischen 
Ermittlung wurden fiir eine bestimmte Zusammensetzung im Bodenkérper die 
log Po,-Werte in Abhiingigkeit von der reziproken absoluten Temperatur 1/7 
aufgetragen. Man erhalt so Geraden, aus denen sich die Sauerstoffzersetzungsdrucke 


-16 
~ 
-18 
-20 1000°C 
~224 | 
1\ 900°C 
\ 
800°C 
| 
& -28; 
oa 
| 
-204 ° 
| 700°C 
\ 
| 
-4 
n=200 190 180 170 160 150 
Zusommensetzung CeOn 


Ass. 4.—Isothermen des Sauerstoffzersetzungdruckes von Ceroxyden. 


900 


Ans. 5.—Abhangigkeit von Sauerstoffzersetzungsdruck und Temperatur bei ¢ croxyden. 


fiir beliebige andere Temperaturen ableiten lassen (siche Abb. 5) Dicjenigen Werte 
solcher Art, die durch Extrapolation iiber den Bereich der Messdaten hinaus 
ermittelt wurden, liegen in Abbildung 4 auf gestrichelten Linien. Schliesslich 
sind in dieser Abbildung auch noch log Po-Werte fiir 700 und 900°C eingezeichnet, 
die wir aus den Analysenangaben von R. ScHENK und H. Rorers berechnet haben. 

Phasenverhdltisse. Aus den Isothermen der Abbildung 4 lassen sich nun wesent- 
liche Schliisse auf die Phasenverhiltnisse des ganzen Oxydsystems ziehen. Der 
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horizontale Verlauf simtlicher Isothermen im Bereich CeO,.59 bis CeO,., beweist, 
dass in diesem Bereich der Bodenkérper aus zwei koexistierenden Phasen besteht. 
Die eine davon ist zweifellos das hexagonale Oxyd Ce,O,, die andere entspricht der 
Grenzzusammensetzung CeO, ,, und ist identisch mit der friiher als Zwischenphase 
bezeichneten Verbindung mit fluoritéhnlicher Kristallstruktur. Von dieser Zusammen- 
setzung aus erstreckt sich nach héherem Sauerstoffgehalt hin ein Einphasengebiet 
bis etwa CeO,.,, bei dem die Isothermen stetig ansteigen. Im Gebiet bei CeO, ¢; 
aindern die Isothermen bei tieferen Temperaturen mehr oder weniger stark ihre 
Richtung. Die Kurve bei 600°C verlauft zwischen CeO, ., und CeO,.9, horizontal, 

-220{ 


n= 200 190 180 170 160 150 


Zusommensetzung 


a*Hin /Mol 02 


Ass. 6.—Partielle molare Bildungsenthalpien von Ceroxyden. 


ein Zeichen, dass wieder ein Zweiphasengebiet mit Cerdioxyd und einem etwas 


sauerstoffirmeren Oxyd vorliegt. Die Kurven bei 700 und 800°C haben keine 
Horizontalen, sondern nur etwas flacher verlaufende Teile. Nach dem Gibbs’schen 
Phasengesetz kann deshalb in diesem Bereich nur eine Phase existieren. Der besondere 
Verlauf der Isothermen deutet aber auf starke Stérungszustinde dieser Phase hin, 
die mit steigender Temperatur verschwinden. Mit den friiheren R6ntgenbefunden 
stand diese Beobachtung nicht in Einklang. Wir konnten aber neuerdings die 
Erklarung durch Réntgenaufnahmen an solchen Praparaten bei héherer Temperatur 
finden, bei denen wir eine sich schliessende Mischungsliicke entdeckten.‘® 

Bildungsenthalpien. Es liegt nahe, die in Form der Isothermen nach Abb. 4 
geordneten Messergebnisse zur Berechnung von Bildungsenthalpien zuver wenden. 
Wir konnten dies nach dem Ansatz 

In K 
AH = R-T,T,- 
durchfiihren. Fiir den Bereich CeO,,, und CeO,,; konnte diese Beziehung ohne 
weiteres angewendet werden, da zwischen In K,, und 1/7 im untersuchten Temperatur- 
bereich fiir alle Zusammensetzungen cine lineare Funktion besteht. 

In der Abbildung 5 ist dies fiir verschiedene herausgegriffene Zusammensetzungen 
belect. Fiir den Bereich CeO, ,;-CeO, 9. kKonnten wir dies nicht beweisen, da nur je 
zwei Messwerte zur Verfiigung standen. 

Die so berechneten partiellen Werte A*H fiir die Bildungsenthalpien in Abhingig- 
keit von der Zusammensetzung der Oxyde k6nnen aus der Darstellung in Abbildung 6 
abgelesen werden. Der Wert von A*H ist naturgemiss fiir den heterogenen Bereich 
CeO, 59-CeO,,; konstant. Im homogenen Bereich CeO, ¢--CeO, fallt er zuniachst 


150 


7 | | 
| 
F \ 
-180 or | 
-160 
6 
/61 
4 


86 G. Brauer, K. A. GINGERICH und U. HoLTsCHMIDT 


bis CeO; langsam, zwischen und CeO, .,, steiler ab. Bei CeO; 4, scheint er 
ein Minimum zu durchlaufen und fiir héheren Sauerstoffgehalt wieder anzusteigen. 
Dieser Verlauf ist aber nicht sicher, weil in diesem Bereich der Zusammensetzung der 
Bodenkoérper bei tiefen Temperaturen heterogen, bei hohen homogen ist und die 
Phasentrennung in die Energiebilanz mit eingehen muss. Zur Klarung dieser Frage 
sind weitere Messungen, insbesondere in der Nahe der Zusammensetzung CeO,., 
erforderlich. 

Eine Integration iiber den Gesamtverlauf der partiellen Bildungsenthalpien lasst 
sich mit voller Sicherheit fiir die Reaktion 


4 CeOx59 + 0-7 O, = 4 CeOj 


ausfiihren und ergibt den Wert AH = —135 + 3 kcal (fiir eine mittlere Temperatur 
von 850°C). Dies entspricht einer mittleren Bildungsenthalpie von — 193 kcal/Mol O,. 
Die Unsicherheit iiber den Verlauf der Enthalpiekurve zwischen CeO, und 
verbietet vorlaufig eine exakte Ausdehnung der Berechnung bis zum Dioxyd. Beniitzt 
man als Naherung in diesem Bereich den fiir CeO,,,; ermittelten minimalen Wert, 
so erhalt man fiir die Gesamtwarmeténung der Reaktion 


2 Ce,0, T Oz = 2 CeO, 


den Wert AH = —188-5 kcal als unteren Grenzwert. Wir schatzen, dass er sich 
bei genauerer Kenntnis des Gebiets der sauerstoffreichsten Oxyde héchstens um 5 kcal 
erhéhen kann. 
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Abstract—Samples of cerium oxide with a composition from CeO,.9. to CeO,... are examined by 
high temperature X-ray diffraction between 20 and 1000°C. From these experiments the phase 
relationship in this region is fully explained for the first time. All phase transitions occur very rapidly. 
The composition of the phase boundaries changes considerably with the temperature, in particular 
a miscibility gap, which has the boundaries CeO,.». and CeO,.,, at room temperature, contracts with 
rising temperature, and closes at 685°C and at a composition of CeO,.,,. At higher temperatures 
a homogenous series of mixed crystals with cubic fluorite structure exists as is predicted for such a 
system. A summarizing discussion is given for the system of the cerium oxides, including the 
measurements of oxygen dissociation pressure. 


IN einer vorhergehenden Arbeit® konnten wir zeigen, dass bei Ceroxyden des 
Bereichs CeO, .o9-CeO;.,, oberhalb einer Temperatur von etwa 700°C der Sauerstoff- 
zersetzungsdruck bei gegebener Temperatur mit der Zusammensetzung des Ceroxyds 
variabel ist. Dem Gibbs’schen Phasengesetz zufolge miisste in solchen Praparaten 
oberhalb 700°C nur eine einzige homogene Phase vorliegen. 

Dies steht jedoch im Widerspruch zu den réntgenographischen Befunden von 
BRAUER und GRADINGER™’, sowie von BEVAN™?, die tibereinstimmend fanden, dass bei 
ihren Praparaten in dem genannten Bereich stets zwei Phasen nebeneinander auftreten, 
und zwar die im kubischen Fluoritgitter kristallisierende a-Phase, CeO,., und die 
B-Phase CeO,.,, die gemass BEVAN in einem nahe verwandten rhomboedrischen 
Gitter kristallisiert. Trotz Gleichheit der Grenzzusammensetzung bei CeO, ., liegen 
liber die Zahl und Struktur der Phasen im Gebiet CeO,..,-CeO,<. scheinbar ver- 
schiedene Angaben vor. In den Befunden von BRAUER und GRADINGER tritt nur 
eine einzige Phase mit Fluoritstruktur und variabler Gitterkonstante auf, wahrend 
BevAN drei diskrete Phasen beobachtete, die eine dem Fluoritgitter verwandte 
Struktur aber niedrigere Symmetrie besitzen. Ubereinstimmung herrscht lediglich 
darin, dass bei beiden Untersuchungen an der sauerstoffarmen Grenze dieses 
Zwischengebiets kubische Gitterstruktur vorliegt. 

Auch von uns konnte der réntgenographische Befund der Zweiphasigkeit im 
Bereich CeO, 9-CeO;.,, an Praparaten reproduziert werden, die unter Gleich- 
gewichtsbedingungen oberhalb 700°C hergestellt waren, also homogen sein sollten. 
Diesen Widerspruch kann man nur durch die Annahme lésen, dass oberhalb etwa 
700°C eine homogene Phase existiert, die sich beim Abschrecken und weiterem 
Behandeln bei Zimmertemperatur in die beobachteten zwei Phasen trennt. Dieses 


* Der Inhalt dieser Arbeit wurde in gekirzter Form auf dem Annual Meeting of the American Ceramic 
Society in Chicago am 19. Mai 1959 vorgetragen. 
IV. Mitteilung: G. Braver u. K. A. Grncericn, J. Inorg. Nucl. Chem. 16, 77 (1960). 
(2) G. Braver u. H. Grapincer, Z. Anorg. Chem. 277, 89 (1954). 
‘) D, J. M. Bevan, J. Inorg. Nucl. Chem. 1, 49 (1955). 
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Verhalten erscheint iiberraschend, da sonst als sicher gilt, dass bei Oxydsystemen 
Hochtemperaturmischphasen abgeschreckt werden kénnen, ohne dass dabei 
Entmischung in zwei Phasen auftritt. Es wurde vielfach die Erfahrung gemacht, 
dass zum Erreichen des Gleichgewichts in heterotypen Mischkristallen zwischen 
Dioxyden und Sesquioxyden der Seltenen Erden selbst bei so hoher Temperatur 
wie etwa 1400°C mehrere Stunden oder sogar Tage notwendig sind. Umwandlungen 
bei niederen Temperaturen sollten daher ausserordentlich langsam verlaufen. 

Bei dieser Sachlage schien uns eine Klirung fiir die Ceroxyde am besten durch 
Beobachtungen der Phasenverhiltnisse unmittelbar bei erhéhten Temperaturen 
erreichbar. Wir verwendeten eine heizbare Pulverkamera und sorgten dafiir, dass sich 
die chemische Zusammensetzung der Untersuchungsproben wahrend aller Tempera- 
turbehandlungen nicht andern konnte. 


EXPERIMENTELLES 

Als Ausgangsmaterial fiir die Versuche diente reinstes Cerdioxyd wie es auch in einer vorherge- 
henden Arbeit verwendet wurde Fur jeden Versuch wurde etwa | g verwendet. 

Die Reduktion des Cerdioxyds bis zu einer bestimmten Zusammensetzung erfolgte mittels eines 
Wasserstofl-Wasserdampf-Gemisches unter bekannten Gleichgewichtsbedingungen und in derselben 
Apparatur, die fiir die Gleichgewichtsbestimmungen verwendet worden war."’ Bei einigen Praparaten 
wurde statt dessen mit trockenem Wasserstoff ‘bei einer vorher empirisch ermittelten Temperatur 
wahrend fiinf Stunden reduziert. In beiden Fallen wurde das reduzierte Praparat unter Wasserstoff 
abgeschreckt und mit seinem Schifichen in ein an die Apparatur mit Schliffen angeschlossenes 
Verteilungsrohr geschoben. Dieses Rohrstiick besass seitlich angeschlossene R6ntgenkapillaren 
und gegeniiberliegend verschliessbare Offmungen zum Einfiihren dinner Hantierungsgerate. Dort 
wurde die Abfillung des Ceroxyds in die R6ntgenkapillaren aus Quarzglas mit 0-01 oder 0:02 mm 
Wandstarke und 0-5 bis 0-7 mm Durchmesser vorgenommen. Obgleich die Quarzkapillaren vor 
der Verwendung ausgegliiht wurden, blieb beim Einfillen stets ein dinner Ceroxydfilm an der inneren 
Wandung haften. Dieser Film musste mittels einer diinnkieligen Vogelfeder entfernt werden, um 
nachher eine vollig saubere vakuumdichte Abschmelzstelle zu erhalten. Die ganze Abfilloperation 
erfolgte unter Luftausschluss. Dann wurde auf etwa 10-* mm Hg evakuiert und die Quarzkapillare 
unter diesem Vakuum abgeschmolzen. Das verschlossene ROhrchen mit dem R6éntgenpraparat 
wurde mehrere Stunden an Luft bei etwa 850°C getempert. Hielt das ROhrchen bei dieser Temperatur 
die Druckdifferenz von einer Atmosphare aus, ohne dass eine Aufhellung des blauen Ceroxyds 
durch Eindringen von Luft beobachtet wurde, so war das Praparat fiir eine Aufnahmeserie in der 
Hochtemperaturkamera geeignet und wurde hierzu mittels eines reversiblen Kitts in einem geeigneten 
Praparatentrager zentrisch befestigt 

Der im Schiffchen verbliebene Rest des Praparats wurde unter Stickstoff gewogen und dann 
zu CeO, oxydiert. Aus der Gewichtsdifferenz konnte die genaue Zusammensetzung des abgefiillten 
Ceroxyds bestimmt werden. 

Bei einigen Praparaten des Bereichs CeO,.9,-CeO,.., wurde das Einfilllen in die Quarzmark- 
rohrchen an Luft vorgenommen. In diesem Zusammensetzungsbereich verlauft die Autoxydation 
so langsam, dass sie bequem auf der Waage verfolgt werden konnte. Da gleichzeitig keine Stért ung 
durch ‘Hy groskopizitat der Ceroxyde feststellbar war, konnte die Zusammensetzung des ecingefillten 
Ceroxyds rechnerisch genau bestimmt werden. 

Fir die réntgenographischen Untersuchungen bei héheren Temperaturen wurde eine von der 
Firma Seemann (Heidelberg) hergestellte heizbare Pulverkamera von 12 cm Durchmesser verwendet. 
Bei dieser Kamera gestattet die Heizwicklung aus Platindraht Arbeiten bis zu Temperaturen von 
etwa 1300 C unter Vakuum. Der Film befindet sich innerhalb der Vakuumglocke. Eine besondere 
Vorrichtung erméglicht sechs verschiedene Diagramme nacheinander auf einem Film aufzunehmen, 
ohne dass die Kamera geéffnet werden muss. Die Zentrierung des Praparats und seine Beobachtung 
wahrend einer Aufnahme sind leicht méglich. Die Temperatur wird mittels eines Pt, Pt-Rh-Thermo- 
elements gemessen, dessen Létstelle sich einen halben Millimeter unterhalb des ROntgenpraparats 
befindet. 
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Fir die Aufnahmen verwendeten wir mit Nickel gefilterte CuX,-Strahlung (K, = 1-5418 A, 
Ky, = 15405 A, K,, = 1-5443 A). Die Belastung der ROhre betrug 25 kV und 32 mA. Wahrend der 
Aufnahmen wurde die Kamera bis auf etwa 10- bis 10-? mm Hg evakuiert. Mittels cines I nergie- 
reglers wurde eine Konstanz und eine Messgenauigkeit der Temperatur von + 10°C bei etwa 1000°C 
erreicht. Die Raumtemperatur bei allen Aufnahmen betrug 20+ 3°C. Die Belichtungsdauer 
fiir eine Aufnahme variierte bei den reduzierten Ceroxyden von 10 bis 35 Stunden. Lange Belichtungs- 
zeiten waren vor allem dann notwendig, wenn die Linien einer Phase beobachtet werden sollten. 
welche nur in untergeordneter Menge im Praparat vorlag. Vor Beginn einer Aufnahme wurden die 
Priparate in der Kamera in der Regel drei Stunden bei der Aufnahmetemperatur gehalten. Diese 
Massnahme diente gleichzeitig der Sicherung der Gleichgewichtseinstellung und einer Verbesserung 
der Linienscharfe auf den Diagrammen. In Hinsicht auf den letztgenannten Effekt erforderte das 
Praparat CeO,.,,; Temperzeiten von 20 bis 30 Stunden. 

Die verwendeten verschlossenen Quarzkapillaren eigneten sich deshalb besonders gut als Trager 
fiir die bei erhéhten Temperaturen hoch sauerstoffempfindlichen reduzierten Ceroxyde, weil in 
ihrem relativ kleinen abgeschlossenen Raum die Gefahr fiir eine Sauerstoffaufnahme zu ver vach- 
lassigen ist. Beziiglich der chemischen Resistenz von Quarzgias stellten wir in Vorversuchen fest, 
dass es von den Ceroxyden bei 1000°C langsam angegriffen wurde. Dieser Angriff ist besonders bei 
Cerdioxyd stark, wenn Luft zutreten kann, aber wesentlich schwacher, wenn das Praparat im Vakuum 
abgeschmolzen war. Da der Angriff im letzten Falle erst nach mehr als zehn Stunden begann, liessen 
sich die Réntgenaufnahmen selbst bei 1000°C noch ohne wesentliche Stérung durchfiihren. Bei 
900°C und bei tieferen Temperaturen spielte die Reaktion zwischen Tragerréhrchen und Oxydpra- 
parat keine Rolle mehr. Eine weitere Stérung liegt in der Entglasung der Quarzkapillaren, die bei 
mehr als 100-stiindiger Versuchsdauer oberhalb 900°C beobachtet wurde. Offensichtlich wird die 
Geschwindigkeit der Entglasung durch die Einwirkung der Réntgenstrahlen begiinstigt. Kapillaren 
von 0:02 mm Wandstirke erwiesen sich wesentlich resistenter gegen Entglasung als die iiblichen 
von 0-01 mm. Die damit verbundene, etwas langere Expositionsdauer nahmen wir in Kauf. In allen 
Fallen priifien wir nach einer Versuchsreihe die Unversehrtheit des Praparates. 

Eine Prizisionsbestimmung der Gitterkonstanten bei héheren Temperaturen war dadurch 
erschwert, dass die Konstruktion der Kamera nur symmetrische Aufnahmen gestattete. Wir mussten 
deshalb eine Eichsubstanz mit genau bekannter Gitterkonstante verwenden. Als solche bot sich das 
Ausgangsmaterial, Cerdioxyd an. Es wurde in gleicher Weise in eine Quarzkapillare eingeschmolzen, 
wie die zu untersuchenden reduzierten Praparate. Auf einem einzigen Film nahmen wir in der 
Regel ein Eichdiagramm von CeO, bei 20°C und bis zu fiinf Temperaturdiagramme einer reduzierten 
Probe auf. Dazu musste lediglich das Praparat ausgewechselt werden, wahrend die Lage des Films im 
Filmhalter unverindert blicb. Mit Hilfe der Eichaufnahme konnte fir alle Winkelwerte die 
Filmkorrektur bestimmt werden. So brauchte auch die Abhangigkeit der Absorption vom 6-Wert 
wegen der Gleichartigkeit der Praparate nicht beriicksichtigt zu werden. Ebenso konnten gering- 
fiigige Unsymmetrien in cinzelnen Bereichen des R6ntgenfilms eliminiert werden. Auf einen Fehler 
der durch das Verschieben des Filmhalters auftreten kénnte, wurde besonders geprift. Ein solcher 


systematischer Fehler in der Konstruktion der Kamera war nicht feststellbar. Die weiteren Fehler- 
quellen, wie Ungenauigkeit in der Temperaturmessung, | ngenauigkeit in der Vermessung des 
Filmes, die Unscharfe der Reflexe und die Unterschiede in den Praparatedurchmessern konnten 
abgeschatzt werden. Danach lassen sich die Gitterkonstanten mit folgender Genauigkeit angeben: 
0-002 Angstrém-Einheiten fiir C erdioxyd und die a-Phase, sofern dieselbe in den Praparaten iiber- 


wiegt, und 0-003 Angstrém-I inheiten fir die meisten anderen Werte. Die Gitterkonstanten der 
-Phase beziehen sich auf die pseudokubische Indizierung der Reflexe. Die Genauigkeit betragt 
hier nur 0-003-0-005 A. Ein ebenso grosser Fehler wird fiir die Aufnmahmen Nr. 33 und 46-59 
(vgl. Tabelle 1) geschatzt, weil hier die CeO,-Eichaufnahmen auf den Filmen fehlen. Die Gitter- 
konstanten berechneten wir in der Regel aus den Abstanden der Reflexe mit K,, K,,-Aufspaltung : 
620, 533 und 622. Zuweilen mussten auch andere Reflexe wie 531, 511 + 333, 422. 420 und 311 
herangezogen werden. 


ERGEBNISSE UND DISKUSSION 
Die réntgenographischen Befunde an den mit der Hochtemperaturkamera 
untersuchten Ceroxyden des Bereichs CeO, .,-CeO,.,, sind in Tabelle 1 in abgekirzter 
Form enthalten. Die Tabelle enthalt Aussagen iiber die relative Intensitat einzelner 
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TABELLE 1.—REFLEXINTENSITAT IN DEN RONTGENDIAGRAMMEN UND GITTERKONSTANTEN 
DER CEROXYDE DES BEREICHS CeQO,.o9_;.s; BEI VERSCHIEDENEN TEMPERATUREN 


Intensitéat und Gitterkonstante* 


Phase II 
(8 oder «’-Phase) 


5-499 
5-519 
5-514 
$-$13 


a’ identisch mit « 
«’ identisch mit « Vol. 


a’ identisch mit « 
a’ identisch mit « 16 
a’ identisch mit « 1960/61 


5-516 
$-512 
5-506 


5-497 
5-498 
5-514 
5-521 


RRRRRRWWWD!) RARD 


| 1000 

| 20 
| 250 st 
545 | | st 


wo 


* Intensitdt: st = stark, m = mittel, s = schwach, ss = sehr schwach. 

t Diese Gitterkonstante wurde durch Prazisionsmessung nach der asymmetrischen Methode mit Hilfe 
einer Seemannkamera (57-3 mm ¢) bestimmt und diente als Bezugswert fir alle aus Hochtemperatur- 
aufnahmen berechneten Gitterkonstanten. 

t Die Gitterkonstanten der f-Phase bezichen sich auf die pseudokubische Indizierung der Reflexe. 


90 
any: 
Temperatur 
Nr. Formel Phase I 
(a-Phase 
CeOs.000 20 st 5-411¢ 
| 300 st 5-429 — 
550 st 5-443 _ 
| | 610 st 5-448 - 
| 890 st 5-466 
4 | 450 st 5-442 ss - 
ll | 710 st 5-465 — 
12 CeO, ces 20 st 5-412 B 
13 300 st 5-430 7 
14 400 st 5-437 s 
| 500 st 5-448 5S 
16 | 700 st 5-468 
19 | 20 st 5-411 m Bt yay 
20 | 450 st — m a’ So 
21 500 st 5-445 m a’ ‘ 
22 | 550 st 5-452 st a’ 
23 600 st — st -- a’ 4 
24 650 st st a’ 
25 700 st — 
26 | 730 st 5-494 
27 900 st 5-509 
28 OC 900 st 5-510 
29 | 90 st 5509 
30 | | 20 m 5-412 st 
31 | 510 m $450 st 
32 | | 610 | 5-462 | st a 
33 | 660 | ss 5-480 | st 
34 20 m st 
3s | 20 m st 
36 } 300 m — st i; 
37 400 m st 
38 s st 
39 470 ss st 
40 490 ss _ st -- 
41 510 | st 5-514 
42 700 st 5-$27 | i 
43 900 st 5-539 
44 20 | | st 
45 | 400 | ss st 5-518 
600 | st 5-535 
47 800 — — st 5-546 
48 5-554 
49 5-565 i 
53 | 
$s | 
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Linienmuster beim Auftreten zweier Phasen, sowie einzelne Messdaten von 
Gitterkonstanten. Die Angaben sind nach zunehmendem Reduktionsgrad des Ceroxyds 
und nach steigender Temperatur ¢ geordnet. Doppelte Angaben fiir dieselbe Zusammen- 
setzung und Temperatur resultieren aus verschiedenen, getrennt durchgefiihrten 
Réntgenaufnahmen. Die Angaben der relativen Intensititen beziehen sich auf die 
Reflexe 220, 311, 222, 400, 321, 420 und 511 + 333. 


Beschreibung der Linienmuster 

In dem Zweiphasengebiet CeO,.,-CeO, ,, treten auf den bei Zimmertemperatur 
hergestellten Réntgendiagrammen die Linien der kubischen «-Phase (CeO,..) und der 
rhomboedrischen #-Phase (“Zwischenphase’’,? CeO,,,) nebeneinander auf. Dabei 
nimmt die relative Intensitat der Reflexe der a-Phase mit fallendem Sauerstoffgehalt 
im Ceroxyd ab, wahrend die Intensitat der Reflexe der £-Phase gleichzeitig grésser 
wird. Die rhomboedrische Struktur der £-Phase zeigte sich auf unseren Rntgenfilmen 
in einer Verbreiterung und Unschirfe der Reflexe, die mit wachsenden 6-Werten 
zunimmt. Eine Aufspaltung der kubischen Linien in die rhomboedrischen ist auch 
bei dem relativ grossen Radius unserer Hochtemperaturkamera von etwa 12cm 
noch nicht zu beobachten. 

Aus diesem Befund lasst sich der eingangs erwihnte Unterschied in den Befunden 
verschiedener Autoren beziiglich der Struktur der £-Phase erklaren. Das Auflésungs- 
vermégen der von BRAUER und GRADINGER gebrauchten Aufnahmevorrichtung und 
die Zahl der untersuchten Proben reichte nicht aus, um die Phasenverhiltnisse 
in allen Einzelheiten zu erkennen. 

Allgemein und auch bei héheren Temperaturen konnten wir feststellen, dass die 
Untergrundschwarzung auf den Réntgenfilmen mit wachsendem Reduktionsgrad 
und mit wachsenden §-Werten zunimmt. Gleichzeitig beobachteten wir, dass die 
Reflexe der «-Phase relativ und absolut stiirker hervortraten als die der B-Phase, 
so dass zum Beispiel bei Mischungen mit gleichen Anteilen der beiden Phasen die 
Reflexe der «-Phase intensitatsmassig dominierten, besonders bei hohen 6-Werten. 

Gegeniiber den Beobachtungen bei Zimmertemperatur Andert sich das Ersche- 
inungsbild der Réntgendiagramme, wenn man zu héheren Temperaturen iibergeht. 
Fiir zwei charakteristische Priparate CeO,.,,, und CeO,.,,; geben wir in den 
Abbildungen | und 2 schematisch diese Verinderungen wieder. Die Interferenzlinien 
der Pulverdiagramme werden durch Striche wiedergegeben, deren Lange ein Mass 
fiir die Linienintensitat darstellt. Linienverbreiterungen und Koinzidenzen sind 
gleichfalls schematisch beriicksichtigt. 

In der Abbildung | ist das Temperaturverhalten des Priparats CeO, 44. dargestellt. 
Das Diagramm einer bei 20°C durchgefiihrten Eichaufnahme von CeO, ist ebenfalls 
in die Abbildung aufgenommen. Man ersicht, dass bei 400°C die Linien der «-Phase 
gegeniiber der Aufnahme bei 20°C geringfiigig geschwicht sind. Zwischen 400°C 
und 440°C wandelt sich das rhomboedrische Gitter der 8-Phase in ein kubisches, 
fluoritahnliches Gitter um. Dieses Gitter gleicht offenbar dem der a-Phase vollkom- 
men bis auf die etwas veranderte Gitterkonstante. Die zugehdrige Phase soll daher 
mit «’ bezeichnet werden. Die Umwandlung 8-+«’ kennzeichnet sich in dem 
Diagramm besonders durch die klare Dublett-Aufspaltung der Reflexe 531, 600 + 442, 
620, 533 und 622. Die rhomboedrische -Phase zeigt diese Aufspaltung nicht und 
ist dadurch auf den Hochtemperaturdiagrammen am besten gekennzeichnet. 
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Oberhalb einer Temperatur von 440°C stehen also 2 Phasen mit kubischer Struktur 
miteinander im Gleichgewicht. Die Reflexe der «-Phase werden mit zunehmender 


Temperatur immer schwiacher und verschwinden zwischen 490 und 500°C. Oberhalb 
510°C ist ein Oxydpraparat der Zusammensetzung CeO,..4¢ einphasig und besitzt 
Fluoritstruktur. Weitere Aufnahmen bei noch héheren Temperaturen, die in der 
Abbildung nicht dargestellt sind, beweisen, dass dieser Zustand sich bis mindestens 
1000°C nicht mehr Andert. 


mee EZ ORR SEMIS F 3 So |Phasen 
o 


ii 


100° 120° 140° 


4 4. 4 4 4 4. 


Ass. 1.—Temperaturverhalten eines Ceroxydpraparats CeO, wiedergegeben durch 
schematische Darstellung der ROntgendiagramme. 


Die Abbildung 2 stellt das Temperaturverhalten des Praparats CeO,.,,, dar. 
Die Zusammensetzung dieses Praparates entspricht dem mittleren Bereich der 
Mischungsliicke zwischen CeO und CeO,,, bei 20°C. Die Linienintensititen 
dieser beiden anwesenden Phasen dndern sich relativ zueinander etwas mit der 
Temperatur. Dies lasst darauf schliessen, dass sich die Mengenverhiltnisse der beiden 
Phasen mit der Temperatur verschieben. 

Noch aufschlussreicher als die Betrachtung der Intensititsverhiltnisse ist die 
Anderung der Lage der Reflexe der beiden Phasen x und «’ bei verschiedenen 
Temperaturen. Schon in der Aufnahme bei 450°C lasst sich gegeniiber 20°C eine 
Anniaherung der einander entsprechenden Reflexe der beiden Phasen erkennen, 
besonders wenn man das Linienquartett der Reflexpaare 331 und 420 betrachtet. 
Diese Annaherung verstarkt sich mit steigender Temperatur, bis schliesslich bei 700°C 
nur die Reflexe einer einzigen Phase mit Fluoritstruktur vorhanden sind. Bei 700°C 
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ist diese Fluoritphase allerdings noch gestért; die Reflexe mit den héchsten Indices 
zeigen noch keine Dublett-Aufspaltung. Bei 730°C ist aber diese Stérung nicht 
mehr auf dem R6ntgendiagramm sichtbar. Mit steigender Temperatur werden 
also die Gitterkonstanten der «- und der «'-Phase immer dhnlicher, die Ausdehnung 
des Zweiphasengebiets verkleinert sich, und bei etwa 700°C schliesst sich die Misc- 
hungsliicke. Gleichzeitig lasst sich aus der annahernd gleich grossen Intensitat der 
Reflexe der beiden Phasen vor dem Ubergang in das homogene Gebiet schliessen, 
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Ass. 2.—Temperaturverhalten eines Ceroxydpraiparats CeO,..,,, wiedergegeben durch 
schematische Darstellung der ROntgendiagramme 


dass das Temperatur-Maximum der Mischungsliicke gerade etwa bei der Zusammen- 
setzung dieses in der Abbildung 2 behandelten Oxydpraparats CeO, 9, liegt. 

Bei Praparaten, deren Zusammensetzung von dem Maximum der Mischungsliicke 
entfernt liegt, wie z.B. bei CeO, ¢45, findet dieses Identischwerden der beiden Phasen 
mit steigender Temperatur nicht statt. In diesen Fallen werden die Reflexe derjenigen 
Phase, die in geringerer Menge vorliegt, vor Erreichen der Temperatur, bei welcher 
das Oxydpriparat homogen wird, rasch schwicher und verschwinden. Solange beide 
Phasen vorhanden sind, haben die Reflexe den Abstand, der den Phasengrenzen bei 
der Aufnahmetemperatur entspricht. So liisst sich bei dem in Abbildung | darge- 
stellten CeO, verfolgen, wie die x-Phase verschwindet, noch che a- und «’'-Phase 
identisch geworden sind. Fir Praparate mit anderen Zusammensetzungen lisst sich 
ein entsprechendes Verhalten in gleicher Weise aus Intensitatsangaben der Tabelle | 
ableiten. 


q 
q 
aia 
730°C 1 
g | | aia 
700°C | 
| 
650°C 
| 
550°C | 
63 
450°C 
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20°C 
208 40° 60° 
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Die Temperaturabhangigkeit der Gitterkonstanten a bestimmten wir fiir CeO, zwischen 20 und 
900°C, fiir CeO;.s4, und CeO,.s49 zwischen 500 und 1000°C. Die Beschrankung auf diesen Bereich 
erfolgte, weil hier diese reduzierten Ceroxyde einphasig sind und in der kubischen Form vorliegen. 
Die Werte fiir die Gitterkonstanten sind in Tabelle 1 enthalten (CeO, Nr. 1-9; CeO,.s4, Nr. 41-43; 
CeO,.s40 Nr. 46-49). Aus diesen Werten ergibt sich innerhalb der Genauigkeit der Bestimmung 
eine lineare Abhangigkeit mit der Temperatur, sowohl fiir CeO, als auch fiir die reduzierten Ceroxyde. 
Die Steigung der Geraden Aa/Ars ist fiir CeO, und die reduzierten Proben identisch und betragt 
64 x 10-°A grad. Der mittlere lineare Ausdehnungskoeffizient berechnet sich hieraus fiir die 
angegebenen Temperaturbereiche zu 11-8 x 10~* grad“*. 


> 
5.617 
4 
4 

5574 

od 

5534 

c 

= 5494 

© 545 


n=2,00 190 180 170 160 150 
Zusammensetzung Ced, 


Ass. 3.—Abhingigkeit der Gitterkonstante von der Zusammensetzung bei kubischen 
Ceroxyden; von héheren Beobachtungstemperaturen umgerechnet auf 20°C. 


Mit Hilfe dieses neu bestimmten Ausdehnungskoeffizienten rechneten wir die 
Gitterkonstanten von einphasigen kubischen Hochtemperaturpraparaten des Bereichs 
CeO,.9-CeO;..,; von der Beobachtungstemperatur auf Raumtemperatur um. Die fiir 
20°C resultierenden Gitterkonstanten sind in Abbildung 3 in Abhiangigkeit von der 
Zusammensetzung der Oxyde dargestellt. Zusatzlich wurden die fiir 20°C bestimmten 
Werte Nr. 19, 34 und 35 fiir die #-Phase aus Tabelle 1 eingetragen. In der Abbildung 
sind ferner die von BRAUER und GRADINGER™) und von BEevAN'® bestimmten Werte 
fiir die Gitterkonstanten im homogenen Bereich der “Zwischenphase’’ mit C- 
Sesquioxydstruktur aufgenommen, sowie ein extrapolierter Wert fiir kubisches 
CeO,.,; aus einer nicht ver6ffentlichten Untersuchung der beiden zuerst genannten 
Autoren." 

Aus der Darstellung in Abbildung 3 ersieht man, dass im Bereich der bekannten 
Mischungsliicke die auf 20°C umgerechneten Gitterkonstanten mit ausgezeichneter 
Ubereinstimmung auf der Kurve liegen, die BRAUER und GRADINGER fiir einen 
angenommenen kontinuierlichen Ubergang Cerdioxyd-kubisches Cersesquioxyd aus 
den Gitterkonstanten der reinen Oxyde berechnet haben. Innerhalb des homogenen 
Bereichs der ““Zwischenphase”’ liegen die von den beiden Autoren und die von BEVAN 
gemessenen Gitterkonstanten ebenfalls auf dieser berechneten Kurve. Das bei 
Zimmertemperatur verifizierbare Stiick CeO, .g-CeO,.., dieser Kurve stellt demnach 


‘ H. Grapincer, Dissertation, Universitat Freiburg/Brg. (1952). 
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offensichtlich einen Teil einer lngeren Mischungsreihe dar, die ihren Ausgangspunkt 
von Cerdioxyd nimmt. 


Bestimmung der Grenzen der Mischungsliicke 

Die Kenntnis der Abhingigkeit der Gitterkonstanten von der Temperatur und 
von der Zusammensetzung beniitzten wir zur Bestimmung der Grenzen der 
Mischungsliicke aus den zugehérigen Gitterkonstanten. Bei Pulverdiagrammen, 
in denen das betreffende Ceroxyd zweiphasig erscheint, entspricht die zu jeder Phase 
geh6rende Gitterkonstante einer Grenzzusammensetzung bei der Aufnahmetemperatur. 
Daran, dass sich das Phasengleichgewicht oberhalb 300°C wahrend der Aufnahmezeit 
rasch einstellt, kénnen wir auf Grund unserer Erfahrungen nicht zweifeln. Es spricht 
nichts gegen die Annahme, dass das Phasengleichgewicht auch unterhalb 300°C noch 
hinreichend rasch erreicht wird. 

Im allgemeinen rechneten wir die in Tabelle | fiir °C angegebenen Gitterkonstanten 
von zweiphasigen Priparaten auf 20°C um. Aus der in Abbildung 3 dargestellten 
Abhingigkeit dieser berechneten Gitterkonstanten von der Zusammensetzung 
wurden dann die Grenzzusammensetzungen der Phasen graphisch ermittelt. 


Ausser dieser Methode liess sich fiir den besonderen Fall der «-Phase im Temperaturbereich 
von 20-500 C noch eine andere Bestimmungsmethode mit héherer Ger auigkeit anwenden. Dazu 
nahmen wir auf cinem Film bei der gleichen Temperatur die Diagramme von reinem ( erdioxyd 
und einem schwach reduzierten, jedoch noch zweiphasigen Oxyd auf. Aus der mit hoher Genauigkeit 
bestimmbaren Differenz der beiden genannten Gitterkonstanten konnten wir mit Hilfe der bekannten 
Abhangigkeit der Gitterparameter von der Zusammensetzung (Abb. 3) den Grenzpunkt des 
Homogenititsbereiches der «-Phase ermitteln. Durch Anwendung dieses Verfahrens auf verschiedene 
Temperaturen erhielten wir die gesamte Grenzkurve zwischen 20 und 500°C. Weil die Grenz- 
zusammensetzungen der x-Phase in diesem Temperaturbereich nur sehr wer ig von der des reinen 
Cerdioxyds abweichen, verschwinden bei dieser Bestimmungsmethode alle systematischen Fehler. 

Eine dritte Méglichkeit zur Bestimmung der Phasengrenzen lasst sich darauf griinden, dass die 
Mengenverhiltnisse der beiden koexistierenden Phasen aus ihren Rdntveni tensitaten abgeschatzt 
werden kénnen. Bei dieser Abschatzung muss die friiher erwahnte Abhingigkeit des Streuvermogens 
vom Reduktionsgrad der Ceroxyde beriicksichtigt werden. Ausser den Mengenverhiltnissen 
benédtigt man noch die Differenz der Gitterkonstanten beider Phasen und die Bruttozusammensetzung 
des Gesamtpriparates. Aus der Differenz der Gitterkonstanten wird die Differenz der Zusammenset- 
zung der beiden Phasen mit Hilfe der Funktion aus Abbildung 3 festgelegt. Dieser Betrag wird nach 
den geschatzten Mengenverhaltnissen dem Hebelgesetz entsprechend so aufgeteilt, dass die Brutto- 
zusammensetzung den Schwerpunkt bildet. Diese Methode wurde auf die Probe CeO,.o15 und 
die Temperaturen 600 und 650°C angewendet, wo die Voraussetzungen fiir diese Berechnungsart 
besonders giinstig waren. 


In Abbildung 4 sind die nach den verschiedenen Methoden ermittelten Werte fiir 
die Grenzzusammensetzung eingetragen. Sie fiigen sich zu einem Kurvenzug 
zusammen, der die Begrenzung der Mischungsliicke darstellt. 

Aus dem Bereich CeO,.¢;_;.., in welchem bei tiefen Temperaturen mehrere 
rhomboedrische Phasen existieren, wurden die Verhiiltnisse am Ceroxydpriparat 
CeO, .,3; besonders gepriift. Die Zusammensetzung dieses Priparats entspricht dem 
Zweiphasengebiet, in dem die rhomboedrischen Phasen 8 und y nebeneinander 
vorliegen (siehe Abbildung 4). Zu der Durchfiihrung der Réntgenaufnahmen in 
dieser Reihe waren Belichtungszeiten zwischen 30 und 40 Stunden notwendig. 
Bei den meisten R6ntgendiagrammen erzielten wir durch vorheriges Tempern 
von 20-30 Stunden bei der Aufnahmetemperatur eine Verschirfung der Reflexe. 
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In den Pulverdiagrammen bei 20°C (Nr. 61-63) ist die Trennung der Linien 
der #- und der y-Phase nicht deutlich erkennbar. Es sind lediglich simtliche Reflexe 
breiter, als die entsprechenden der /-Phase in den friiher besprochenen Diagrammen 
(Abb. I und 2). Nur bei den Reflexen mit den pseudokubischen Indices 422 und 
600 + 442 ist eine Aufspaltung in zwei Linien entsprechend den beiden Phasen £ 
und y angedeutet. Auf den Filmen ist aber gleichzeitig die Untergrundschwirzung 
so gross, dass feine Unterschiede in den Konturen der héheren Reflexe nicht mit 
Sicherheit gedeutet werden kénnen. 
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App. 4.—-Phasendiagramm des Systems der Ceroxyde im Bereich CeO,.o9 bis CeO,..,. 


Beim Ubergang zu den Temperaturen 400°C (Nr. 64), 500°C (Nr. 65) und 600°C 
(Nr. 66 und 67) beobachteten wir keine Anderung im Erscheinungsbild der Linien- 
muster gegeniiber 20°C. Die bei den verschiedenen Temperaturen beobachtete 
Konstanz in den Linienkonturen kénnte cin Hinweis Gafiir sein, dass die Grenz- 
zusammensetzungen der beiden rhomboedrischen Phasen nicht wesentlich tempera- 
turabhingig sind. Dieser Befund wiederum kénnte als Stiitze der Annahme von 
BEVAN gelten, dass diese Phasen geordnet sind. Auch die geringe Temperatur- 
abhingigkeit der sauerstoffreichen Grenzzusammensetzung der /-Phase vor der 
Umwandlung in die «'-Phase (Abb. 4) wiirde mit dieser Deutung im Einklang stehen. 

Beim Ubergang von 600 auf 700°C andert sich das Bild des Réntgendiagramms 
wesentlich. Bei 700°C liegt nur eine homogene Phase mit kubischer, fluorit-aihnlicher 
Struktur und scharfen Reflexen vor. Diese Umwandlung ist reversibel, wenn die 
Temperatur wieder auf 600°C gesenkt wird. Daraus folgt, dass die homogene Reihe 
der kubischen x-Mischkristalle oberhalb 700°C sich von CeO, 9, bis mindestens 
CeO, erstreckt. 


96 
Se oS 
ihe 
a aw 
| 
| 
“ 9 1” oss 
on re eX) 


Ober die Oxyde des Cers—V 97 


Das Auflésungsvermégen unserer Kamera gestattete vorlaufig nicht das Tempera- 
turverhalten im Bereich CeO, .,-CeO,.¢, genauer zu untersuchen. 


Phasendiagramm 


In der Abbildung 4 sind die von uns zwischen 20 und 1000°C aufgefundenen 
Phasenverhiltnisse im Bereich CeOy,.o9_;.73 graphisch dargestellt. Die Abbildung 
enthalt die Reprisentationspunkte fiir den grésseren Teil der in dieser Arbeit unter- 
suchten Oxydproben und deren Temperaturaufnahmen. Durch Nummerierung wird 
der Zusammenhang mit der Besprechung und mit der Tabelle | hergestellt. Das hier 
vorgeschlagene Phasendiagramm enthilt als Hauptteil die in dieser Arbeit aufge- 
fundene Grenzkurve der Mischungsliicke zwischen a- und §-Phase. Ferner sind in 
der Abbildung fiir einen Teil des Bereichs CeO, ..,-CeO, »4 die von BEVAN ermittelten 
Phasengrenzen eingezeichnet. 

Wie aus der Abbildung 4 ersichtlich ist, besitzt die x-Phase(Cerdioxyd) zwischen 20 
und 300°C nur einen extrem engen Homogenititsbereich entsprechend den Grenzen 
CeOy.oo9 und CeO, ogg. Dieser Bereich erweitert sich oberhalb 300°C rasch zunehmend 
nach der sauerstoffarmeren Seite hin, bis bei einer Zusammensetzung CeO, .,,, und 
bei 685°C das Maximum der Mischungsliicke erreicht ist. 

Fiir die p-Phase, welche nach Bevan bei Zimmertemperatur ein Homogenitits- 
bereich von CeO,.¢,9 bis CeO, besitzt, erweitert sich dieser Bereich bei héheren 
Temperaturen bei 400°C in Koexistenz mit der «-Phase ebenfalls nur unwesentlich 
im Sinne ciner Zunahme des Sauerstoffgehalts. 

Zwischen 400 und 440°C erfolgt eine Umwandlung der rhomboedrischen f-Phase 
in die kubische fluoritahnliche «’-Phase. Die Existenz des zu erwartenden Drei- 
phasengebiets x-2'-) konnten wir nicht beobachten. Es muss im Temperaturbereich 
zwischen 400 und 440°C liegen. Die Méglichkeit seiner Begrenzung haben wir in 
der Abbildung mit gestrichelten Linien angedeutet. 

Der Homogenitatsbereich der «'-Phase vergréssert sich unmittelbar oberhalb 
dieser Umwandlungstemperatur zu héheren Sauerstoffgehalten hin bis zum Maximum 
der Mischungsliicke bei CeO,.9;, und 685°C. In diesem Maximum und bei allen 
héheren Temperaturen sind die a- und die «’-Phase miteinander identisch. 


ZUSAMMENFASSENDE BETRACHTUNG UBER DAS SYSTEM 
DER CEROXYDI 

Die vorstehend beschriebenen Untersuchungen in der Hochtemperaturkamera 
erméglichen zusammen mit den Ergebnissen unserer vorhergehenden Untersuchung”? 
eine Aufklirung des besonderen Verhaltens der Ceroxyde. Gleichzeitig kénnen auch 
fruhere Untersuchungen einbezogen und scheinbare Widerspriiche gedeutet werden. 

Fiir den Bereich CeO, 1.9, ist charakteristisch, dass oberhalb 700°C cine 
luckenlose Reihe heterotyper Mischkristalle mit Fluoritstruktur und unterhalb 685°C 
eine Mischungsliicke existiert, die sich mit fallender Temperatur verbreitert und bei 
Zimmertemperatur die Ausdehnung CeOy.o9_;.¢; besitzt. Es hat sich gezeigt, dass sich 
die FestkOrperphasengleichgewichte beim Abkihlen der einzelnen Versuchsproben 
so rasch einstellen, dass alle Untersuchungen bei Zimmertemperatur nur den Zustand 
unterhalb etwa 300 C wiedergeben und keine Riickschliisse auf die Gleichgewichte 
bei beliebigen héheren Temperaturen gestatten, denen die Proben vorher ausgesetzt 
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waren. Mit diesem Tatbestand stimmen die Messungen der Sauerstoffzersetzungs- 
drucke vollkommen iiberein. Wie Abbildung 4 der vorausgehenden Veréffentlichung 
zeigt, besitzt die Redox-Isotherme 600°C einen horizontalen Teil zwischen CeO, .o¢ 
und CeO, o. entsprechend dem Zweiphasengebiet « + «’, wihrend alle Isothermen 
oberhalb 700°C in Ubereinstimmung mit dem Hochtemperaturréntgenbefund nur 
einer einzigen homogenen Phase als Bodenk6érper entsprechen. Der in der F inleitung 
genannte W iderspruch zwischen friiheren Réntgenbefunden und den Gle -ichgewichts- 
messungen in diesem Bereich erklart sich nun aus der schon erwahnten raschen 
Finstellung der Phasengleichgewichte bei Temperaturanderungen. Isothermen bei 
Temperaturen unter 600°C sind experimentell nicht zuganglich, weil das Redox- 
gleichgewicht mit der Gasphase sich zu langsam einstellt; eine Isotherme 300 Cc 
beispielsweise wiirde mit ihrem horizontalen Teil die volle Breite der Mischungsliicke 
wiedergeben. 

Im Bereich CeO,.¢;_;.¢, bestehen bei niederen Temperaturen nach BEvAN mehrere, 
eng benachbarte rhomboedrische Phasen f, » und 6 sowie die kubische C-Phase. 
Aus den Hochtemperaturréntgenaufnahmen an dem Praparat CeO,..., sowie den 
Messungen des Sauerstoffzersetzu ngsdruckes folgt, dass diese Mannigfaltigkeit sich 
mit steigender Temperatur sehr stark verringern muss. Alle Redox-Isothermen 
oberhalb 700°C verlaufen so, dass sie im Bereich CeO,..,-CeO,., nur auf einen 
einphasigen festen Bodenkérper schliessen lassen. Es ist ensunchonen, dass bei 
solchen hohen Temperaturen die homogene Reihe der kubischen Mischkristalle 
sich bis zur Zusammensetzung CeO,.,, erstreckt und sich damit dem Verhalten bei 
analogen heterotypen Systemen wie CeO,—La 20, anschliesst. 

Im Bereich CeO, 5.59 liegen bei allen Beobachtungstemperaturen zwei ko- 
existierende Phasen vor, wie iibereinstimmend aus den R6ntgenbefunden und den 
horizontal verlaufenden Redox-Isothermen hervorgeht. Zu der Frage des Homo- 
genitatsbereiches des hexagonalen Oxyds Ce,O, (A-Typ) kénnen unsere neueren 
Untersuchungen nichts beitragen. 

Die Besonderheit des Verhaltens im System CeO,-Ce,O, gegeniiber den formal 
véllig entsprechenden Mischs ystemen des Cerdioxyds o der Thoriumdionyds mit den 
Sesquioxyden der anderen Lanthaniden muss von der Tatsache hergeleitet page 


dass bei den C eroxyden wegen der Moglichkeit des I lektroneniibergangs Ce L@ 
Ce** die Gitterplatze aller Kationen praktisch gleichwertig sind. Hierauf hat 
auch BEVAN hingewiesen.‘* Infolge dieser Reaktion brauchen bei Verschiebungen 


der Grenzzusammensetzung homogener Phasen keine Platzwechselvorgiinge der 
Kationen mit relativ hoher Aktivierun: zsenergie stattzufinden, sondern nur Elektro- 
nenspriinge. Hierzu kommen lediglich noch geringfiigige geometrische V ‘erschiebungen 
einzelner Kationen ohne Anderung der Nachbarschaftsverh: iltnisse beim reversiblen 
Oberg Zang zwischen der kubischen Struktur und den dusserst nahe verwandten 
rhomboedrischen Gitterstrukturen. Unsere Untersuchungen scheinen uns diese 
Auffassung klar zu beweisen. Wir konnten auch durch orientierende Versuche 
feststellen, dass im analogen Fall von Systemen mit Oxyden zweier verschiedener 
Metalle bei hoher Temperatur (z.B. 16C0°C) eine ausreichende Beweglichkeit der 
Kationen und relativ rasche F instellung der Phasengleichgewichte besteht, welche sich 
aber mit sinkender Temperatur sehr stark verlangsamt. Die Einstelldauer liegt 
beispielsweise im System ThO, Fu,O, fiir 1600°C in der Grdéssenordnung von 
Minuten, fiir 1300°C jedoch bei ca. 100 Stunden. Bei diesen Oxydsystemen wird man 
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also stets nur die stark vereinfachten Hochtemperatur-Phasenverhaltnisse ermitteln 
kénnen, und es besteht wenig Hoffnung die Tieftemperaturverhiltnisse zu erfassen. 
bei denen man eine Ahnliche Vielfaltigkeit wie bei den Ceroxyden erwarten darf. 
Die bereits vorliegenden Beobachtungen an den Oxydsystemen PrO,—Pr,O,,‘* 
TbO,-Tb,O, und UO,-UO,"” lassen erkennen, dass hier die Verhaltnisse erwar- 
tungsgemass sehr nahe mit denen beim Ceroxydsystem iibereinstimmen. 


R. E. Fercuson, E. D. u. I EyrinG, J. Amer. Chem. Soc. 76, 3890 (1954): E. D. LR 
Howpen, N. C. BAenzicer u. L. Eyrinc. Ibid 76, 5239 (1954); W. Simon u. L. Evrinc. Jbid 76, 5872 
(1954); C. L. SieGiarr u. L. Eyrinc. Jhid 79, 3024 (1957) 

E. D. Gutn u. L. Evrinc, J. Amer. Chem. Soc 76, 5242(1954); W. Simon u. L. Evrine. Ibid 76, 5872 (1954). 
H. Herinc u. P. Perio, Bull. Soc. Chim. Fr. (5) 19, 351 (1952); P. Perio, /bid. Mém. (5) 20, 256 u. 840 
(1953); F. Grenvorp. J Inorg. Nucl. Chem. 1, 357 (1955): P. E. Bracxruen J. Phys. Chem. 62, 897 
(1958); S. ARONSON u. J. Bette. J. Chem. Phys 29, 151 (1958) 
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TOPOTACTICAL REACTIONS WITH FERRIMAGNETIC 
OXIDES HAVING HEXAGONAL CRYSTAL 
STRUCTURES—II 


F. K. LOTGERING 
Philips Research Laboratories, N. V. Philips’ Gloeilampenfabrieken 
Eindhoven, The Netherlands 


(Received 17 November 1959; in revised form 4 February 1960) 


Abstract. A number of reactions between grains of non-oriented and magnetically oriented oxides 
of the system BaO-McO-Fe,O, are described. Such conversions, for which the term “‘topotactical 
reactions” was introduced in a previous paper, can yield polycrystalline final products with oriented 
crystals. The reaction mechanism and the influence of sintering on the degree of orientation of the 


final product is studied for some topotactical reactions. 


IN the BaO MeO-Fe,O, system (Fig. 1), in which Me = Co, Ni, Zn etc., a.o. 
the ferrimagnetic compounds M = BaFe,,0O,., Me,W = BaMe,Fe,,0,,, Me,Z 
Ba, Me,Fe,,0,, and Me,Y Ba, Me,Me,Fe,,0.., having closely related hexagonal 


Fe,0, 


\ 


/ 


BoO 


MeO 


| Composition diagram of the system BaO-MeO-Fe,0, (Me** Fe?+, Mn*®*, Co** 
te.) Buke,.O,,(M), Ba,Me.Fe,,0,,(7), Ba,Me,Fe,,0,.( Y), BaMe,Fe,,0,-(W), MeFe,0,(S) 
and Balt 

The compounds Ba, Me,Fe,,0,, and BayMe,Fe which also exist, will not be mentioned 
in this paper and are therefore omitted in the diagram. 


crystal structures, occur."’’ The grains of these magnetically hard oxides can be oriented 
by means of a magnetic field. This leads to the possibility of studying crystal orienta- 
tion phenomena during reactions between oriented and non-oriented grains in 
mixtures of oxide powders. As described in a previous paper“? (referred to as paper 1) 
many of such reactions lead to polycrystalline materials with oriented grains. An 


example of such a “topotactical” reaction is: 


BaFe,,0O,, * 2CoO + 2Fe,0, BaCo,Fe,,0,, 


J. Smit and H. P. J. Wun, Ferrites. Philips’ Technical Library, Eindhoven; John Wiley, New York 


Gr. H. Jonker, XVI- Congres international de chimie pure et appliquee, 1957. Memoires présentées a la 
Section de Chimie Minerale, Societé Editions d’ Enseignement Supéricur, Paris, p. 117 (1958) 
F. K. Lorcerine, J. /norg. Nucl. Chem. 9, 113 (1959) 
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M + 2CoO + 2Fe,0, Co,W 


The hexagonal M crystals in the initial mixture are oriented in a magnetic field 
with their c-axes mutually parallel (indicated by the arrow). The reaction takes place 
by firing the mixture at 1250°C. The final product consists of sintered, polycrystalline 
Co,W, the hexagonal crystals of which show the same crystal orientation as the M 
crystals had in the initial mixture. 

A conservation of crystal orientation during a solid state reaction has, as far as we 
know, never been described in the literature. However, similar, but not exactly 
the same phenomena, are known. E.g. WestrRik and ZwieTERING® observed that 
the reduction of a Fe,O, single crystal gives a conglomerate of iron crystals with a 
preferred orientation. This reaction takes place between a solid and a gas phase and 
not, as in our case, between solid phases. 

The Experimental part of this paper gives 

(1) the degree of orientation for a number of reactions between oriented and non- 

oriented grains, 

(2) the analysis of the intermediate reaction products of some of these reactions; 

(3) the results of some marker experiments and 

(4) experiments concerning the influence of sintering on the crystal orientation. 
The experimental results (1) (2) and (3) will be used for the discussion. 


EXPERIMENTAL 
1. Degree of orientation 


Table | gives the reactions investigated between oriented and non-oriented grains and the degree 
of crystal orientation of the final products. We refer to paper | for details of the preparation tech- 
niques and for the determination of the orientation factor f from the X-ray diffraction pattern of a 
sample (f = 0 and f = | correspond to no orientation and complete orientation, respectively). Tor 
the sake of brevity the equations are formulated with BaO and CoO instead of BaCO, and CoCQ,, 
which actually were used as raw materials. Further we introduce the symbols S for MeFe,O, and 
B for BaFe,O,. 

The initial mixtures of the reactions V, VI and X contain Co,,.Z5,,Z as a second ferrimagnetic 
component. The Co,/,Zn;),Z crystals, which have a low magnetic anisotropy,'”’ are not oriented in a 
magnetic field so that the initial mixture contains only one oriented crystal phase. 

Most of the reactions investigated are conversions of M, Me,W, Me.Z or Me, Y into each other 
so that the crystal structure of the final product is closely related to, or identical with, that of the 
oriented component in the initial mixture. The question arises whether oriented material can be 
obtained if this is not the case. We therefore tried to prepare BaFe,O,, BaFeO,_» (0 < 0-5) and 
TiFe,O,, the crystal structures of which are completely different from those of M, Me, etc., from 
the ferrimagnetic hexagonal compounds by the reactions XXI-XXIII. From each of the initial 
mixtures two pellets were pressed, one in the presence and one in the absence of a magnetic field. 
The two pellets were fired in the same way. Reactions XXI and XXII occurred as anticipated by 
the equations. The reaction product of XXIII consisted of the pseudobrookite phase TiFe,O, 
together with a small amount of unidentified material. 

A comparison of the X-ray diffraction patterns of the magnetically oriented and the non-oriented 
pellets did not give any indication for crystal orientation of the BaFe,O,, BaFeO,_4 or TiFe,O,; 
phases in the oriented samples. 


2. Intermediate reaction produc ts 


For some reactions given in Table | the intermediate products that lead from the initial mixture 
to the final product were investigated in the following way. 
A sample was heated up slowly (200-300°C/hr) to a certain temperature (900, 1000, 1100 or 


‘) R. Westaik and P. ZwieterRinGc, Proc. Kon. Ned. Akad. v. Wetenschappen B 56, No. 5, 492 (1953) 
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REACTIONS BETWEEN ORIENTED AND NON-ORIENTED GRAINS, THE DENSITY AND 
CRYSTAL ORIENTATION OF THE FINAL PRODUCTS* 


Density 


No Reaction . Orientation 
(g/cm*) 
I + 43TiO, BaTi,., Co,., Fey.,O,, very good 
(f = 0-97) 
i 1Co,Z1 + + ZnO + 6Fe,0, Co,.9Zn,..Z 42 good 
0-8) 
iit :2n,Z1 + BaO + CoO + 6Fe,0, 5-1 good 
(f = 0-7) 
IV Yi (35 wt + 43BaFe,0, + 22CoO 4-4 very good 
2Fe,0, Co,¥ (f = 0-95) 
*Co}Zn3Z (33 wt °%) Y 1 (36 wt %) 5-0 non-oriented 
*BaO + 4Fe,0, + Co}Zn3Z (f= 0) 
VI ¢sCofZnj (36 wt + (33 wt 
+ A;CoO 23Fe,0, CofZni Y 5-0 very good 


(f = 0-91) 


Vil M *t + CoO + ZnO + 2Fe,0, — Co,.,Zn,.,4 43 very good 


(f 0-89) 
Vill +Zn,Z * CoO + 4Fe,0, 2:8 good 
(f 0-84) 
IX sZnO + 4Fe,0, — Coy.,Zn,..4 33 good 
(f = 0-86) 
xX * (iS wt ) 043Zn2Z (42 wt ©.) 
+ S$ 44 3-3 good Vol, 
(f 0-80) 16 
XI Co,71 + 8Fe,0, + 2M + 2:7 M non-oriented 
Co,W oriented 1960/61 
XII Co,Wi + 2BaO + 4Fe,0, Co,Z 46 good 
(f = 0-7) 
2M * BaO CoO ZnO 48 poor 
(f = 0-1) 
XIV Co,YL BaO + 6Fe,0, — Co,Z 49 poor 
(f = 0-1) 
XV 3Co,W1 + §BaO + + Co, 


0-8) 
XVI 4Zn,Z * 4BaO + ZnO Zn, } 5-1 poor 


XVII $Co,71 + }BaO + CoO + Co, Y 49 good 
0-6) 


XVIII 2Zn,Z * 8ZnO -+ 3Zn, Y + 6ZnFe,O, 5-2 poort 

XIX 2 Co,Z71 + 8CoO 3Co,Y + 6CoFe,0, 48 moderatet 
XX Co,71 + BaFe,O, + SFe,0,-+ Co,Z + M M moderate? 

XXII * +} BaO 40) O, BaFeO,_» 


XXIII Fe," W * 10TiO, + 40, -+ 9TiFe,O, + BaTiO, 


* The ferrimagnetic grains in the initial mixture were oriented in a static (+) or rotating (1) magnetic 
field. All samples were fired 3 hr at 1250°C in oxygen. For meaning of symbols M, Me,W etc. see intro- 
duction and Fig. 1 

t f could not be determined with sufficient accuracy for samples with more than one phase. 
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1200°C) in oxygen. As soon as the desired temperature was reached, the pellet was quenched and 
the reaction products were identified by X-ray analysis. The results for four reactions are given in 
Table 2. 

From the phases found at each temperature the partial reactions indicated by arrows in Table 2 
can be derived. Since the X-ray reflexions of phases present in small amounts may escape observa- 


tion, it is not possible to reconstruct the partial reactions in great detail. The principal reactions, 
however, could be recognized clearly. 


TABLE 2.—INTERMEDIATE PRODUCTS OF THE REACTIONS VII, VIII, XII anp XVI, Tape 1* 


Reaction VII Reaction VIII 
Heated up to M + CoO + ZnO + 2Fe,0, Co,., 4Zn,Z + CoO 4{ZnO + 4Fe,0,— 
CO; 


M + Fe,0, + ZnO + CoO Z + Fe,O, + CoO + ZnO 


900 M(s) Fe,0,(w) + S(s) Z(s) + Fe,O,(s) S(s) 
1000 M(s) + Fe,O,(w) S(s) Z(s) + Fe,O,(s) S(s) 


1100 M(s) Sis) 
1200 Mis) + S(s) Mis) + Sts) 


1250° wit! Wis) Ws) 


annealing 


Reaction XII Reaction XVI 
Co,W41 2BaO + 4Fe,0, Co,Z iZn,Z * $BaO + ZnO -+ 


4 BaO Fe,0, Z BaO + ZnO 


900 Wis) B(s) Fe,0,(m) + S(w) + M(ow) + Bls) + ZnO(m) 
1000 Wis) B(s) Fe,0,(m + S(w) + Meow) + ZnO(m) 


1100 + Bls) Y(m) S(w) M(m) Z(s) Bim) ZnO(m) Yis) 


1200 Wiw) Y(s) M(s) Zivw) Blow) + 


1250° with Zis) 
annealing 


* The X-ray intensities of the phases are indicated by (s) strong; (m) moderate; (w) weak; (ew) very 
weak 


From Table 2 it is seen that e.g. reaction VII proceeds as follows. ZnO, CoO and Fe.O, react 
and give a spinel phase S$ at temperatures below 900°C. From 900° to 1200° the reaction product, 
which exists mainly of M and S, remains practically unchanged. The final product is formed from 
Mand S at 1250° after heating for some hours at 1250°C. 


3 


Var ere vper iments 


Two sintered pellets of different compounds were brought into contact. The contact surfaces 
were ground flat carefully. The boundary was marked by platinum wires (diameter 30 ) placed in 


grooves (depth 30 ) in one of the pellets. The pellets were heated 24 hr at 1250°C and cooled. They 


could be separated easily and under a stereoscopic microscope it was observed that the position of 


the wires was unchanged with respect to the boundary. (The error in the estimated position of the 


wire was much smaller than the diameter of the wire.) X-ray diffraction patterns of the surface 


layers of the two pellets gave the following results 
I 
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In the cases BaFe,O,/Fe,O;, BaFe,,O,,/CoFe,O, and Ba,Zn,Fe,,O,,/ZnO (i.e. reactions of a 
Ba compound with a compound free from Ba), the reaction products were present exclusively on the 
pellets of the Ba compound. For the reactions BaFe,,O,,/Ba,Zn,Fe,,O,, and BaFe,O, BaCo,Fe,.0,, 
(i.e. for which both components contain Ba) the reaction products were found on both pellets. 

From these experiments we conclude that the large and heavy Ba* ions diffuse much more slowly 
than the small and light Co*, Zn* and Fe** ions under circumstances present during topotactical 
reactions. 


4. The influence of sintering on the degree of orientation 

Stuuts ef al.'*’ observed on oriented polycrystalline M material that the degree of orientation 
increases with increasing heating time and temperature, which shows that the oriented crystals grow 
at the expense of the wrongly oriented ones. This was attributed to a lowering of the surface energy. 
We studied this phenomenon on the following topotactical reactions: 


x Zn,Z + (1 — x) Co,Z — Zn,z,Co,_»,Z 


Co,Z has a preferential plane of magnetization whereas Zn,Z has a preferential direction and a 
magnetic anisotropy 4-5 times weaker than that of Co,Z."*’ In a rotating magnetic field'*’ the Co,Z 
crystals are oriented with their c-axes mutually parallel (the “correct” orientations) whereas the c-axes 
of the Zn,Z crystals are oriented at random in a plane perpendicular to the c-axes of the Co,Z crystals 
(the “incorrect” orientations). The “correctly” and “incorrectly” oriented crystals increase and 
decrease the orientation factor f, respectively. Pellets of mixtures with x = 0; 0-15; 0-30; 0-50 and 
0-70 were pressed in the presence of a rotating field and f was determined from the X-ray diagrams. 
Then the pellets were heated for 16 hr at 1250°C in oxygen, furnace cooled and f was determined 
again. The samples were well sintered and had densities of 5-1—5-2. The f vs. x curves are given in 
Fig. 2. For all samples / is increased by sintering and the increase is considerable for the higher Zn,Z 
contents. Thus the “correctly’’ oriented crystals are grown at the expense of the “incorrectly” 
oriented ones by sintering for a long time. Using the same experimental procedure, the increase of 
f during sintering was determined as a function of the sintering time for the mixture x = 0-5. From 
the result, given in Table 3, it is seen that the improvement of the orientation increases with increasing 
density. We therefore think that the improvement of orientation by sintering during a topotactical 
reaction may be important, but only in the case of a well-sintered final product (with a density of at 
least 4-5). 

DISCUSSION 
We divided the reactions I-XX (Table 1) into four kinds, the prototypes of which 


are: 

(a) M* + CoO + ZnO + 2Fe,0, > Co; (reaction VII) 

(b) $Co,Z1 + + ZnO + 6Fe,0, Co,..Zn,..Z (reaction II) 

(c) YL + + + 4°Fe,0, Co, Y (reaction IV) 

(d) Co,Z1 + B+ 5Fe,O0, —» Co,Z + M (reaction XX) 

In paper I a topotactical reaction was distinguished from an eptitaxial crystal 
growth by the fact that the oriented component in the initial mixture, which deter- 
mines the orientation of the final product, takes part in the reaction and disappears 


completely. (a) and (b) are covered by this definition of topotactical reaction whereas 


(c) and (d) are not. 

The difference between (a) and (b) is that the crystal structures of the oriented 
component in the initial mixture and of the final product is equal for (b), but 
different for (a). During (c) oriented Co, Y is formed in the presence of oriented Co, Y 
crystals i.e. a simple case of crystal growth. In reaction (d) an amount of oriented M is 


‘” A. L. Sruuts, G. W. RatHenau and G. H. Weser, Philips Techn. Rev. 16, 141 (1954). 
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formed in the presence of oriented Co,Z crystals, which does not take part in the 
reaction i.e. an epitaxial growth of M on Co,Z takes place. 


1. Reaction of the types (b) and (c) (I-VI, Table 1) 


If the initial mixture contains a well oriented phase with the crystal structure of the 
final product, we found a highly oriented final product in all cases, investigated. 


os 


Fic. 2.—Orientation factors f for Co,Z-Zn,Z mixtures oriented in a rotating magnetic fieid 
(a) Before firing; (b) after 16 hr firing at 1250°C 


The high degree of orientation of reaction (c) means that the oriented Co, Y¥ 
crystal present in the initial mixture act as a substrate for the growth of the Co,Y 
produced so that the amount of oriented material increases during the reaction. 
Apparently practically no new Co, Y nuclei are formed on the BaO, CoO or Fe,O, 
crystals (or on their partial reaction products like B or S). This behaviour may be 


TABLE 3.—INCREASE OF THE ORIENTATION FACTOR {DURING DIFFERENT 
HEAT TREATMENTS OF A MIXTURE OF Co,Z + Zn,Z (1:1), ORIENTED 
IN A ROTATING FIELD 


Heat treatment: fired sample 


f f fo 


Non-fired 


sample: /, heated up slowly to density 

0-4 1100°C, cooled rapidly 3-4 0-4 0-0 
0-3 1250°C, cooled rapidly 4-6 0-5 0-2 
0-3 1250°C, 4 hr 1250°C 

furnace cooled 49 0-5 0-2 
0-3 1250°C, 3 hr 1250°C 

furnace cooled 5-0 0-6 03 
0-5 1250°C, 16 hr 1250°C 


furnace cooled 5-1 


connected with the fact that BaO, CoO etc. have crystal structures and compositions 
completely different from Co,¥. Then the question arises what happens if the 
reaction mixture contains two components like Me,Z and Me, ¥ that have closely 


related crystal structures. 

This case was investigated by means of the reactions V and VI. Final product 
crystals grown on the non-oriented Co,,.Z,,.Z cannot be oriented, whereas the forma- 
tion of an oriented final product takes place if the oriented Co,Zn,_,Y phase acts asa 
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substrate. Reactions V and VI gave non-oriented and very well oriented final products* 
respectively. This pronounced difference indicates that the component with the 
crystal structure of the final product acts preferentially as a substrate for the final 
product, even if a component with a closely related structure is present in the re- 
action mixture. 

Reaction VI is essentially similar to reaction X\ I, both being the formation of Me, Y from Me,Z, 
BaO etc. From the appearance of an Me, Y phase d iring reaction XVI after firing for a short time 
at relatively low temperatures of 1100-1200°C (see Table 2) it is seen that nucleation of Me, Y takes 
place easily. It seems to us therefore rather urprising that during reaction VI the egregation of 
C5425), Y takes place mainly on the Co,),Zn,), Y crystals present in the initial mixture 

The formation of well-oriented final products by topotactical reactions of the type 
(b) can be easily understood from the above mentioned preference for crystal growth 
by the assumption that the reaction (b) (or IT. Table |) starts with an epitaxial growth 
of Zn,Z on the oriented Co,Z crystals. Such an eptaxial process differs, however, 
hardly from crystal growth because the substrate (Co,Z) and the segregate (Zn,Z) are 
practically the same materials (the difference being the kind of Me?* ions, which 
constitute only 1/13 part of the small cations) A mixed Co,.9Zn;.9Z crystal is then 
formed by a diffusion of the Co?* and Zn? ions through a composite grain consisting 
of Co,Z and Zn,Z 


2. Reactions of the type (a) (VII-XIX, Table 1) 


[n contrast to the (b)-type, not all (a)-type reactions give well-oriented final products 
(Table 1). In particular, the reactions XIII, XIV and XVI gave poorly oriented final 
products. (These reactions we carried out several times. It was verified by X-ray 
analysis of the unfired pellets that the ferrimagnetic phase in the initial mixtures were 
indeed well oriented). 

During reaction (a) (or VII, Table 1) nucleation of a new phase Co,.,Zn,.,W takes 
place. The production of highly oriented Co,.4Zn,.,W indicates that the oriented M 
phase acts mainly as a substrate for the Co, .9Zn,.oW crystals. For the formation of 
Co;.oZn;.oW nuclei on M grains a transport of MeO and Fe,O, from the other 
reaction Components toward the M grains is necessary whereas a transport of BaO 
in the opposite direction must take place for nucleation on the other reaction compo- 
nents, which do not contain Ba. The observed preference for nucleation on the M 
grains may, therefore, be explained by assuming that the Ba*~ ions diffuse much more 
slowly than the Me®* and Fe®* ions. This assumption was indeed confirmed by the 
marker experiments (see Experimental Part 3). Not all the experimental data can, 
however, be explained in this way. The pressence of BaO in the initial mixture should 
promote the formation of a non-oriented final product. Thus the reactions VII-IX are 
expected to give better oriented final products than the reactions XII-XVII. Such 
a tendency is indeed observed. The formation of well-oriented final products by the 
reactions XII and XV and of a poorly oriented Zn, Y by reaction XVIII are exceptions, 
however, for which we are not able to give any explanation. 


Kepespy and DruKALsky proposed an atomic mechanism of the formation of a mixed crystal 
(having NiO-structure) from a NiO and a ZnO crystal. Oxygen atoms diffuse from the ZnO to the 


* The high degree of orientation of the final product VI is not caused by sintering (c.f Experimental 
Part 4). This was checked by heating the mixture up to 1250°C and 


did 4-3) and 


cooling the pellet rapidly. The sample 


was poorly 


cre St very we oriented (f 0.92) 


H. Kepespy and A. DauKaLsxy. J imer. Chem. Soc. 76, $941 (1954) 
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NiO crystal and build up a new oxygen layer on the NiO surface. Then a diffusion of Zn atoms from 
the ZnO into the NiO crystal follows According to this picture the oxygen “frame” of the NiO 
lattice remains intact and increases laver for layer during the reaction. This process would lead to a 
topotactically oriented mixed crystal! with the orientation of the original NiO crystal 

A similar mechanism for e g. the formation of a Me,W nucleus on a M crystal (reaction VII) 
would explain nicely the orientation of the Me,W crystal. Such a mechanism. which seems to us 
quite possible in the case of the mixed NiO-ZnO crystal, is, however, very unlikely for our much 
more complicated reaction Although the crystal structures of Me, W and M are closely related. the 
oxygen frame and the positions of the Ba* ions in this frame are different for both structures. For a 
transition of the M into the Me, lattice a rearrangenemt of the O* and Ba** is necessary. It is 
hard to believe that during such a process parts of the oxygen frame remain intact. It seems to us 
much more likely that the topotactical reaction VII starts with an epitaxial growth of Me,W crystals 
on the surfaces of the M crystals 

The spacings of the oxygen layers of M, Me,W, Me,Z and Me, Y are practically equal and parts 
of these lattices have even the same atomic arrangement (e.g. the M and Me,W lattices contain 
layers having spinel structure with an identical atomic arrangement. The only difference is that the 
cation sites are occupied by Fe** in M and by Fe** and Me®* in Me.) Therefore the conditions 
for an epitaxial growth for M, Me,W etc. (and S) on each other are ¢ xpected to be very favourable 
Such an epitaxial growth is observed during reaction XX 


3. Intermediate products (Table 2) 

A topotactical reaction leads to the final product via several intermediate products 
which appear during the heat treatment of the pellet. B = BaFe,O, and S = MeFe,0, 
are formed at relatively low temperatures (below 900°C). At a higher temperature 
(1000-1100°C) M and Me, Y appear. The final products Me, W and Me,Z are generally 
formed only after a longer firing at a still higher temperature (1250°C) by the reactions 

M + 2S» Me,W and M + Me, ¥Y — Me,Z 


During reaction VIII a double conversion from Zn,Z and Fe,O, into M and S 
takes place between 1000 and 1100°C. Since the Zn,Z crystals, which were oriented in 
the magnetic field, have disappeared at temperatures above 1100°C and well-oriented 
Me,W does not start to appear until 1250°C is reached, the conservation of the 
orientation must take place via the M phase 

Reaction X (Table 1) gives a well-oriented final product although the initial mix- 
ture contains only a small amount (15 weight per cent) of the oriented component M 
and a large amount(42 weight percent)of non-oriented Co Zn Z The presence of the 
latter component evidently causes no formation of a considerable amount of non- 
oriented final product. This may be explained as follows. From an analysis of the 
intermediate reaction products it was found that a double conversion Me,Z 
SFe,0O, -+ 3M + 2MeFe,0, at temperatures between 1000 and 1100°C occurs here 
also, just as during reaction VIII. The large amount of M formed in this way will 
grow on the oriented M crystals present in the initial mixture (reaction of type (c)). 
Then, at 1250°C, well-oriented Me, W is formed from the oriented M phase and S, just 
like during the reactions VII and VIII. 


In connexion with the above-mentioned mechanism of the react VIII-X we invest gated 
the conversion of Co,Z and Fe,O, into M and Co,W (reaction XI. Table 1) The final product 
consists Of non-oriented M and oriented Co,W From an analysis the intermediate reaction 
products it was found that the reaction takes place as given by e ju XI at temperatures between 


1000 and 1100°C and that no spinel phase appears during the reactior Thus the double conversion 
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XI differs from the double conversions that take place during the reactions VIII-X in the orientations 
of M and W; the reaction mechanism is also different. This difference of mechanism may be caused 
by the fact that the double conversions during the reactions VIII-X proceed in the presence of a S 
phase (Table 2), which may promote further S formation, whereas no S$ phase is present when 
reaction XI starts. 
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ADSORPTION OF COBALT, ZINC, BARIUM AND CESIUM 
FROM DILUTE SOLUTIONS 


M. H. Kurpatov and O. J. KVAMME 
McPherson Chemical Laboratory, The Ohio State University, Columbus 10, Ohio 


(Received 25 January 1960) 


Abstract—It has been shown that a maximum of 97 per cent of the zinc in a solution containing 
8 x 10-* mole/30 mi can be removed from solution by a single filtration through Schleicher and 
Schuell Blue Ribbon paper at pH 6°5 when the ammonium salt concentration is 3 x 10-°*M. Under 
similar conditions 70 per cent of the cobalt present in a solution containing 2°8 x 10-* mole/30 ml 
can be removed. Only 43-46 per cent of barium and 5-6 per cent of cesium are removed from 
solutions which have 3 x 10-* mole/30 ml and less than 10~* mole/30m! respectively. The above results 
permit the conclusion that unweighable quantities of zinc and cobalt ions in solution with cesium, and 
probably other alkali metal salts can be separated from these salts by adjustment of pH with ammonia 
and filtering the solutions. The cobalt and zine which may be radioactive are recoverable in almost 
invisible quantities of solid, (after ammonium salt sublimation) suitable for nuclear spectroscopy studies 
or for other use which requires relatively salt free high specific activity tracers 


Tits work is a study of the behaviour of zinc and cobalt in microgramme quantities 
(or less), as they are obtained in activated targets, and a comparison of their behaviour 
with that of barium and cesium from the point of view of possible separations of the 
alkali and alkaline earth elements (frequent contaminants in target work) from zinc and 
cobalt. 

The tendency of some elements in a very low concentration to be removed from 
solution by filtration through paper has been utilized in a variety of separations of 
tetra- and tri-valent ions from each other and from divalent ions. However, as yet, 
little is known concerning the possibility of isolating divalent elements from activated 
targets by this method nor has the method been used to separate divalent transition 
elements from alkali and alkaline earth ions. 

This research consists of determinations of the extent to which paper filtration 
removes cobalt, zinc, barium and cesium from dilute solutions under similar conditions 
and the optimum conditions for such removal. The value of the process lies in its 
simplicity and the rapidity of separation of unweighable quantities of radioactive 
species from weighable amounts of target material. 


EXPERIMENTAL 


Cobalt-60, 7,,. = 5:3 years, was obtained by neutron irradiation of a cobalt wire to high specific 
activity at the Oak Ridge National Laboratories. Zinc-60, T,,, = 250 days, was obtained likewise by 
neutron irradiation of metallic zinc in the pile at Oak Ridge National Laboratories. Barium-133, 
T\, = 38:8 hr, was produced by cyclotron bombardment of a cesium chloride target with deuterons 
The barium was removed from the cesium by adsorption on hydrous ferric oxide. Barium-131 was 
produced by neutron irradiation of barium nitrate at Oak Ridge. This decays by K-capture to 
cesium-131, 7,,, = 10-2 days, which was separated from the barium 


 M. H. Kurpatov, H. B. Wesster, J. D. Kurspatov, J. Phys. Colloid Chem. 54, 1239 (1950): J. E 
DuvaL and M. H. Kurpatov, J. Amer. Chem. Soc. 75, 2246 (1953); J. D. Kurpatov and M. H. 
Kursatov, J. Phys. Chem. 46, 441 (1942); M. H. Kurpatov and J. D. Kursatov, J. Chem. Phys. 13, 
208 (1945) 
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Throughout this work the volumes of solution, which contained the radioactive material to be 
studied, were such that after titration to various pH values the final volume was 30-0 + 0-2 ml 
The temperature was 27 l Except in those cases indicated later the solutions were filtered, 
within 15 min after titration, through Schleicher and Schuell Blue Ribbon paper. The material 
which was retained by the paper was removed into sample holders by washing the paper with hot 
six-normal hydrochloric acid. The samples were evaporated to dryness, and the amount of activity 


present measured by use of a Geiger counter 


RESULTS AND DISCUSSION 

As background data for studies of low concentrations of zinc and cobalt, isotherms 
for their removal from solutions of various concentrations were obtained at pH 6°5. 
Column A of Table | has the zinc isotherm data. It may be seen that the fraction 
removed by paper drops off rapidly from 97 per cent at 8 x 10-§ mole zinc per 30 ml 
to 7 per cent at | x 10-4 mole. These data were obtained by preparing solutions of 
zinc chloride of different concentrations and titrating to pH 6-5 with ammonia. As a 
result of hydrolysis the solutions of higher concentrations of zinc were more acidic, than 
the lower concentrations, and at pH 6-5 contained more ammonium salt. 


TABLE 1.—EFFECT OF CONCENTRATION OF SOLUTIONS 
ON REMOVAL OF Zn AND Co BY FILTRATION AT pH 6°5 


Quantity of A* B* 
divalent cation Zn on paper Co on paper 
(mole/30 ml) (%) (%) 


Vol, 


4 60 
10-* 56 
8 x 10-* 97 
l 47 
1:8 10°? 89 
2 10°’ 39 
2:8 10°? 71 
5 10-7 
5-8 10-7 56 
l 10-* 32 23 
2 10°* 15-4 
7:8 5-6 
10-* 6:8 1-6 
l 10-* 1-5 


* A: Zn isotherm, 448 counts/min of active Zn per 
30 ml. B: Co isotherm, 1305 counts/min of active Co 
per 30 mi 


The cobalt isotherm data, Column B, Table | were obtained on solutions to which 
2 x 10-° mole of hydrochloric acid was added in order to maintain a constant ammo- 
nium salt concentration in solutions having less than! = 10~° of cobalt chloride. The 
fraction of cobalt retained by the paper is much lower, in the low concentration region 
than the fraction of zinc retained. 

The effect of ammonium salts was studied by varying the concentrations of 


ammonium chloride and sulphate in the presence of a constant concentration of zinc 
(8-2 10-° mole/30 ml). The results showed that an increase in chloride ion concen- 
tration from 1 « 10°-*to 1 10~* equivalents per 30 ml decreased the amount of zinc 


| 
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retained on the paper from 92 to 8 per cent. Similarly a change in sulphate ion concen- 
tration from 2 x 10-7 to 2 « 10° equivalents per 30 ml decreased the zinc adsorption 
from 95 to 7 per cent. At low concentrations of salt slightly more (between 2 and § 
per cent) zinc is retained by the paper in the presence of sulphate ion than with chloride 
ion, 

In all of this work it was observed that some of the zine or cobalt was adsorbed 
on the surface of the beaker in which the solutions were titrated. The amount of this 
adsorption was found to vary in an irregular fashion from less than | per cent to as 
much as 6 or 7 per cent. When solutions which contained 2-8 « 10-° mole of cobalt 
per 30 ml were allowed to stand in glass for three days after titration to various pH 
values there was an increase in the amount adsorbed with increasing basicity, from 0-2 
per cent at pH 3-66 to 54 per cent at pH 9-72. 

Because of the discussion in the literature concerning “radiocolloid™ adsorption 
(or filtration) vs adsorption of ions a series of experiments was carried out in which the 
solutions were titrated to a given pH, allowed to stand for three days and then filtered 
through two papers in separate funnels: one placed just below the other. If preformed 
agglomerates were present and removed by the paper and if these agglomerates require 
more time for their formation than the minute or less elapsed time between successive 
filtrations of a given portion of solution then the first paper should retain a higher 
fraction of the cobalt which came in contact with it than the second paper. The data 
show that this is not the case and that the fraction removed on the second paper is 
usually higher. This higher fraction on the second paper is in accord with the trend 
shown in the isotherm, that is, a greater fraction is adsorbed at lower concentrations 
for a given pH. 

Since cobalt and zinc form ammonia complexes, in the study of the effect of pH 
upon their removal from solution by filtration, one series of experiments with cobalt was 
run with sodium hydroxide as the base whereas ammonia solution was used in the 
others. The results so obtained are plotted in Fig. 1, Curve B’ for contrast with Curve 
B which is a plot of the data obtained with ammonia. 

It is apparent from Fig. | that the data on the effect of pH and/or ammonia concen- 
tration, on the paper removal of the above ions from solution. falls into three regions. 
From pH 3-5 to about 6:5 there is a regular increase in removal with increase in pH 
for zinc, cobalt and barium. For cobalt solutions the figures obtained with sodium 
hydroxide and ammonium hydroxide give essentially the same curve in this pH range. 
Joun has shown that the zeta-potential of Schleicher and Schuell Blue Ribbon paper 
(in lithium chloride solutions) changes from 0 at pH 3-0 to — 1-46 at pH 4-0 to --2-2 
at pH 6-5 and thereafter remains essentially constant at —2-2 up to pH 9. It appears 
then that the nearly constant slope of the four curves in the pH range from 3-5 to 6°5 is 
primarily a function of the changing charge on the paper. 

In the study of the effect of pH at constant salt concentration the maximum fraction 
of tons removed were: 86 per cent of the zinc, 70 per cent of the cobalt and 46 per cent 
of the barium. These figures parallel the solubilities of the hydroxides although the 
concentrations of zinc, cobalt and barium were below those of saturated solutions of 
their hydroxides. It may be noted that the fraction of zinc removed by paper in the 
study of pH effect is less than that shown in Table 1, the difference resulting from a 
higher concentration of salt in the experiments on the effect of pH. The maximum 


G. Joun. Ph.D. Dissertation, The Ohio State | niversity (1952) 
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cobalt removal here is higher than in Table 1, the salt concentration being lower in 
these experiments on effect of pH. 

Between pH 6-5 and 9 there is a marked contrast in the four curves in Fig. 1. Curve 
B’ which represents data obtained with cobalt solutions titrated with sodium hydroxide 
and Curve C, barium solutions titrated with ammonia solution are, within experimen- 
tal error, horizontal lines in this pH range. The actual figures for cobalt removal on 
paper were 68, 71 and 69 per cent adsorbed and for barium the figures ranged from 43 
to 46 per cent. The curves A and B, for zinc and cobalt titrated with ammonia solu- 
tion, drop in approximately parallel fashion between pH 6°5 and 9. An apparent 


| 


re) 


6 -5 
log [NHs] 


Fic. 1.—Paper filtration curves: A, zinc chloride solution, 8-2 x 10~* mole/30 mi, titrated 
with ammonia; B, cobalt chloride solution, 2°8 x 10-* mole/30 ml, titrated with ammonia; 
B’, same as B except solution titrated with NaOH: C, barium chloride solution, 2-8 x 10-* 
mole/30 ml. All solutions contained 1 « 10-° mole HCI before titration. The ratio of the 
fraction adsorbed to the fraction in solution is given as Y/1 — Y. 


reason for the difference between these two curves and the two curves mentioned 
above is that zinc and cobalt form ammonia complexes in the pH range from 6:5 to 9. 

At about pH 9 all of the curves turn down. The change in direction of the curve 
may be attributed in large part to hydrolysis of zinc and cobalt to ions of lower charge. 
The fact that the barium curve drops too may represent a change in charge or structure 
of the paper in alkaline solution and this would, of course, be an additional factor in 
the case of the zinc and cobalt behaviour. 

SCHWEITZER and JACKSON™ have reported 66-69 per cent removal of calcium on 
paper between pH 10 and 12. 

Similar data to the above were obtained for cesium. Between 5 and 6 per cent of 


') G. K. Scuweitzer and W. M. Jackson, J. Amer. Chem. Soc. 76, 941 (1954). 
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the cesium was removed between pH 6 and 9. ScHwelTzeR and Jackson have 
reported “erratic” sodium and cesium removal from solution on paper from 7 to 14 
per cent and 9 to 17 per cent respectively in the pH range of 0 to 10. 

An interesting comparison can be made between the behaviour of zinc upon 
filtration, as described here, and the observations of Schweitzer and BisHop 
on the extent to which zinc can be removed from solution by centrifuging. Their 
curve is of similar shape but is displaced approximately two and a half pH units 
higher than the filtration curve presented here. 

In conclusion it may be said that solutions of active zinc and cobalt in concen- 
trations as low as 10~* and 10-7 mole/I. can be freed of cesium and probably some other 
alkali ions by adjustment of pH with ammonia to approximately 6:5, filtration or 
repeated filtration of the solution and recovery of the active cobalt or zinc from the 
paper by dissolving in hydrochloric acid. The whole procedure requires about a half 
hour and the product is one contaminated only by small quantities of the readily 
removed ammonium salts. 

This process has been used in subsequent work” to remove zinc-65, copper-64 
and potassium-42 from rhodium by first adsorbing the zinc and copper from a solution 
of potassium-42 and rhodium (in the form of a chloride complex) and then adsorbing 
thodium cations leaving potassium in solution. 
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Abstract—For water solvent the transference number of silver ion in silver perchlorate decreases 
slowly but linearly with decreasing concentration of the salt and extrapolates to 0-488 + 0-005 at 
infinite dilution. This value agrees quite well with values for dilute solutions recorded in the literature. 
The moles of water carried per mole of cation increases with decreasing weight per cent silver per- 
chlorate as is to be expected and is in agreement with the decrease of the transference number with 
increasing weight per cent ethanol 

There was first a small linear decrease of transference number of the silver ion with increasing 
weight per cent ethanol out to about fifty-five weight per cent ethanol. Then there is an accelerated 
rate of decrease of the transference number up to about eighty-five weight per cent ethanol when the 
rate of decrease again decelerates 

The solvation data indicate that silver ion carries an excess of water compared to the perchlorate 
ion while the perchlorate ion seems to carry alcohol molecules in an amount equal to or greater than 
the silver ion depending on how the basis of comparison is determined. These data might be inter- 
preted as showing selective solvation of silver and perchlorate ions by water and ethanol, respectively. 


INTERESTING transport and solvation phenomena were found in a study of the ions of 
uranyl chloride in water, water-ethanol, and ethanol solvents.’ As a part of a 
general program of the study of transference and solvation of ions in solution, silver 
perchlorate was chosen as a promising salt to investigate since the perchlorate ion 
would perhaps show less tendency to form complexes than other anions, and thus the 
ions from silver perchlorate would perhaps be as elementary as from any other salt 
one could choose. 


EXPERIMENTAL 


Anhydrous silver perchlorate, reagent grade, was purchased from G. Frederick Smith Chemical 
Company. Raffinose was obtained from Eastman Organic Chemicals, and «-methyl-p-glucoside 
from Nutritional Biochemicals. The silver wire and all other chemicals used were reagent quality 

In solvents of 85-8 and greater weight per cent ethanol, «-methyl-p-glucoside was used instead of 
raffinose as the inert substance for solvation determinations. This was necessary since raffinose was 
not soluble enough in the high weight per cent ethanol solvents to give sufficient rotation for accurate 
measurements. The x-methyl- rather than the -ethyl-p-glucoside was used since the ethyl compound 
was not commercially available in a sufficient state of purity 

Weights were calibrated against U.S. Bureau of Standards weights and the thermometer against 
a U.S. Bureau of Standards thermometer 

The transference cell, cell support, coulometers, sodium lamp, pycnometers and constant 
temperature bath were similar to those described by MATHEWS ef a/ 

In water the solutions were prepared by dissolving the desired amount of silver perchlorate and, 
if the solvation number was to be determined, about 40 g of raffinose in about 600 ml of distilled 


") D. M. Matuews, J. O. Wear and E. S. Amis, J. Inorg. Nucl. Chem. 13, 298 (1960). 
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water. The silver perchlorate as purchased contained traces of silver chloride. Therefore the solution 
was filtered through a fine glass frit into a 1000 ml volumetric flask. Washings from the containing 
vessel and frit were also caught in the flask and the whole diluted to the mark. 

The clean cell was rinsed once with about 100 ml of solution to be used; this solution was 
discarded and the cell filled with another portion of solution. This portion was poured back into 
the main portion of the solution and the sell refilled. Special care was taken to see that there were 
no air bubbles around the electrodes so that the formation of any gas during the transference experi- 
ment could be detected. The cell and contents were placed in the thermostatic bath at 25-00 | 0-05° 
and allowed to come to temperature equilibrium before the current was started. 

A current of 25 mA was passed through the solution for about 10 hr. The care exercised by 
MATHEWs et al."’ was observed during all transference runs to prevent vibrations which would have 
disturbed the solution in the cell. 

At the end of the run the stopcocks were carefully closed so as to isolate the various compartments 
The solutions from the compartments were transferred to separate ground-glass-stoppered Erlen- 
meyer flasks. The flasks used for the anode and cathode compartments were previously tared. The 
solutions remaining in the anode and cathode compartments (on the walls and electrodes) were 
quantitatively washed into separate beakers and the total silver content of each determined. From 
the total silver remaining in each compartment and the grammes of silver per gramme of undiluted 
solution from the compartment, the weight of solution that remained in the compartment could 
be calculated. Thus after weighing the tared flasks containing the solutions and analysing the 
solutions, the total weight of solution in each compartment was obtained 
The weights of silver deposited in the caulometers were determined as described by MaTHEews 
et al. 

Clean, dry weight burettes were rinsed three times with the solution to be analysed. Into these 
were placed solutions taken from each compartment and the original solution. Three samples were 
weighed from each burette. These samples were analysed for silver by precipitation as silver chloride 
using a standard procedure.’ If the original solution and the solution from the middle compartment 
differed appreciably in concentration, the transference run was abandoned. 

The transference number of silver was calculated using the weights of the solutions and the con- 


centrations of silver in the various compartments, and the weight of silver deposited in the coulom- 
meters 


If solvation numbers were to be determined also, the angles of rotation of the various solutions 
were determined at 25-00 + 0-05° as described in ref. | 


In water-alcohol and almost pure alcohol solutions, gas was generated at the anode. For this 
reason the anode was vented through a glass tube to the atmosphere; and only the cathode compart- 
ment could be used to determine transference and solvation numbers. Hence, 2 |. of solution were 
made for these runs which were made in duplicate for the purpose of checking results. In 30 and 
60 weight per cent ethanol solvents, 2 weight per cent raffinose was 


used as the inert reference 
substance. In solutions containing 85 and ereater weight per cent ethanol 1-7 weight per cent 
x-methyl-p-glucoside served as the inert reference substance 


The ethanol concentrations in the solvent were determined from density measurements using 
the data of Osporne et a/.'”’ as reference 


TREATMENT OF DATA 


WASHBURN” has proposed a simple formula for calc ulating Hittorf transference numbers, nam ly 


(1) 


(2) 


where No and N, represent the original and final number of equivalents of an ion associated with a 


W.C. Pierce, FE. L. Haeniscn and D. L SAWYER, Quantiiative Analysis pp. 357-360. John Wiley, New 
York (1958) 


N.S. Osporne, E. C. Mc Ketvy and H. W. Bearce, Bul!. Bur Stand. 9, 424 (1913). 
© BE. W. Wasnaurn, Prin iples of Physical Chemistry p. 276 McGraw-Hill, New York (1921). 
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given weight of solvent, Nz is the number of equivalents of this ion added to this weight of solvent 
by the electrode reaction, and ¢ is the transference number of the ion. 
Other symbols used in this discussion are defined as follows: 
P,* = grammes of silver perchlorate per 100 g of anode portion. 
P,” = grammes of silver perchlorate per 100 g of middle portion. 
PS grammes of silver perchlorate per 109 grammes of cathode portion 
* = weight of anode solution in grammes 
* = weight of cathode solution in grammes. 
“ weight of silver deposited in the coulometer. 
20734 100 x molecular weight of silver perchlorate. 
t Hittorf transference number of the cation. 
Fe Hittorf transference number of the anion. 
N,* = number of equivalents of cation associated with the weight of the solvent in the anode com- 


partment finally. 


N.* = number of equivalents of cation originally associated with a like amount of solvent. 
f." = fraction of the middle compartment solution that is salt. 
f° = fraction of the anode compartment solution that is salt. 


[x]p'= specific rotation of the inert solute for the yellow D-line of sodium at 25°. 
Ses measured rotation of the solution from the middle portion. 
%_, = measured rotation of the solution from the anode compartment 
i. density of the solution from the middle compartment 
d, density of the solution from the anode compartment. 
4 = length of the polarimeter tube in decimeters. 
2m = grammes of inert reference substance per 100 g of solution from the middle compartment 


other than salt. 
g grammes of inert reference substance per 100 g of solution from the anode compartment 


other than salt 


AG,” = grammes of solvent transferred per faraday from the anode compartment. Vol. 
AG.” = grammes of solvent transferred per faraday to the cathode compartment. 16 
AN,” = moles of solvent transferred per faraday from the anode compartment 1960/61 


AN.’ = moles of solvent transferred per faraday to the cathode compartment. 
F the faraday. 
M = molecular weight of the solvent. 
T true transference number of the cation. 
N number of moles of solvent per mole of cation. 
N, number of moles of solvent per mole of anion. 
From WASHBURN’S equation, the transference number of the cation is 


20734 


P,"w(100 
20734(100 


w 


N 
* 107-88 


(6) 


Substituting N,", No* and Ng from equations (4), (5) and (6) into equation (3) gives 


Pe w(100 — P,*)0-052030 
~ 1100 — Pe 100 — P,” w 


| (7) 


A similar equation can be derived for the transference number of the anion using the data from 


= 
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the cathode compartment. The equation is 


P, w(100 P.“)0-052030 


(8) 


te 


Of course an equation for ¢, can be found by subtracting the value of ¢, from unity and an equation 
for ¢. by subtracting the value of ¢, from unity 

Following a procedure similar to that of MaTHEWs ef a/.""’ an equation can be derived for the 
difference in grammes of optically active material per 100 g of solution in the anode compartment 
as compared to the middle compartment, when the measured rotations of the solutions from the two 
compartments are corrected to equal weight fractions of salt in the solutions. The equation is: 


(9) 


This equation multiplied by w,/100, the weight of the anode compartment in hundreds of grammes 
gives the total difference in weight of inert substance between the middle and anode compartments 
This change in grammes of inert substance divided by grammes of inert substance per gram of solution 
gives the grammes of solution to contain this weight of inert substance, and this is the weight of 
solution that must be replaced by solvent in order to cause the measured difference in the concentra- 
tion of inert substance Again following the procedure of MATHEWS ef a! the grammes of solvent 
transferred away from the anode compartment per faraday are 


G al d. | (10) 


and the moles of solvent transported per faraday from the anode compartment are 


AN? (l d, w? (100 d, w* 


Similarly the moles of solvent transported per faraday to the cathode compartment are: 


™d. | MFa, | 7" (100 — * | MPa, (12) 


In these derivations it has been assumed that the density of the solvent that replaces the solution is 
the same as that of the solution. 


DATA AND DISCUSSION 

In Table | are listed the Hittorf transference number of the cation, ¢,, and the 
moles of water, N., per mole of cation at 25° for various concentrations of silver 
perchlorate. From the plot of the transference number of the cation vs. weight per 
cent silver perchlorate in Fig. 1, one can see that the transference number of silver 
ion in the salt slowly decreases with decreasing concentration of the silver perchlorate 
and extrapolates to 0-488 + 0-005 at infinite dilution. This is in good agreement 
with the value 0-486 given by Loes and Nernst? for 0-0245 M (approximately 0-5 
weight per cent) silver perchlorate at 25°. MAcINnes, ef al.” give 61-92 cm? V- 
sec™' as the limiting ionic mobility of the silver ion, and Jones gives 67-32 cm? 
V~ sec~* as that of the perchlorate ion. From these limiting mobilities, the trans- 
ference number at infinite dilution of the silver ion calculates to be 0-479 in good 
agreement with the value 0-488 + 0-005. From Table | it is also evident that the 


*) M. Loes and W. Nernst, Z. Phys. Chem. 2, 948 (1888) 
‘’ D. A. MacInnes, T. SHEDLOVsKy and L. G. Lonaswortn, J. Amer. Chem. Sox 54, 2758 (1932) 
' J. H. Jones, J. Amer. Chem. Soc. 67, 855 (1945) 
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transference numbers are in fair agreement whether the data were taken using the 
anode or using the cathode compartment. Rows 4, 5, and 6 illustrate this observation 
for independent runs and rows 7 and 8, and 12 and 13 show the agreement for data 
taken in the same experiment. There is a tendency for the cathode to give slightly 
higher values for the transference number of the silver ion. 

Steet and Stokes‘? and Steet et al. using a conductance technique to ascertain 
the concentrations of the electrolytes calculated no single determinate error was 
greater than 0-1 per cent for Hittorf transference numbers in relatively dilute solutions 


6 7 8 Le) " 12 
WEIGHT PER CENT AgCio, 


Fic. 1.—Hittorf transference number of the cation, f., in water solution vs. weight per cent silver perchlorate. 


of salts in water-sucrose and water-glycerol solvents. By their method solvation 
numbers of the ions were not found. The method involves some doubtful elements 
but checks closely values found for transference numbers using the moving boundary 
method. Their data for the mobility of Ag* and ClO,~ ions in 10 and 20 per cent by 
weight sucrose in water involve the same number of significant figures as our data on 
transference numbers. The values of the transference numbers of silver ion calculated 
from the mobilities of Ag* and ClO,~ ions in 10 and 20 per cent by weight sucrose 
solvents were 0-478 and 0-477, respectively. These values compare favourably with the 
values 0-477 and 0-476 reported in this paper for 10 and 20 per cent by weight ethanol 
solvents (see Fig. 3). 

Fig. 1 shows the dependence of transference number on concentration to be 
linear. Theoretically the transference number of an ion from a uni-univalent electro- 
lyte should in the limit of infinite dilution be a linear function of the square root of 
the concentration.” 

From Fig. 2 it is seen that the moles of water carried per mole of cation decreases 
with increasing weight per cent silver perchlorate. This trend is opposite to that for 
‘) B. J. Steet and R. H. Stokes, J. Phys. Chem. 62, 450 (1958). 


‘ B. J. Steer, J. M. Stokes and R. H. Stokes, J. Phys. Chem. 62, 1514 (1958) 
") D. A. MaciInnes, The Principles of Electrochemistry pp. 331-334. Reinhold, New York (1939). 
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the transference numbers. The trend toward lower solvation with greater concentra- 
tion of the cation is to be expected and this trend would cause an opposite trend in 
transference number with concentration as was found to be the case. Thus the less 
solvated an ion is the more mobile it should be and, therefore, the data are consistent 
in these respects. 


WEIGHT PER CENT AgCiO, 
Fic. 2.—Weight per cent AgClO, vs. solvation number of silver ion, N,", in water. 


From the plot of the transference number, f,, the transference numbers are calcu- 
lated to be precise to within +-0-005 parts in 0-500 parts or to within | per cent. The 
accuracy is calculated to be about | per cent. The precision in 99-7 weight per cent 
alcohol was only about 8 per cent due to the volatility of the solvent. The solvation 
data are neither as precise nor as accurate as the transference numbers. In fact both 
precision and accuracy are estimated to be no better than 10 per cent. 


os 
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Fic. 3.—Hittorf transference number of the cation, f,, vs. weight per cent ethanol in the solvent. 


Table 2 gives the Hittorf transference number, 1,, of the cation and the change in 
grammes of solvent per faraday, AG." , carried into the cathode compartment in the 
different solvents. The true transference numbers and apparent solvation numbers of 
the ions are also given for pure solvents. The transference number of silver ion, at 
constant concentration of 0-4 molar silver perchlorate, as a function of the weight 
per cent ethanol is given in Fig. 3. From this figure it is evident that there is first a 
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small linear decrease of the transference number of the silver ion with increasing 
weight per cent ethanol out to about 55 weight per cent ethanol. In this region there 
is an acceleration of the rate of decrease of the transference number with increasing 
weight per cent ethanol up to about 85 per cent weight ethanol when the rate of decrease 
decelerates. From Table 2 it is seen that there is little tendency for the transference 
number of silver ion in ethanol to change with changing salt concentration. As to 
rapid change in f, at about 55 weight per cent ethanol, other chemical phenomena 
have been found to change radically in the region of 60 weight per cent organic 
component-in-water 


© ° 20 30 60 60 90 100 
WEIGHT PER CENT ETHANOL 


Fic. 4.—Change in grammes of solvent per faraday transported into the cathode portion 
as a function of the weight per cent ethanol. 


While it is known") that the inert substance used has some influence on the value 
of the transference number found in the case of certain ions, yet the two different 
reference substances used in these experiments did not markedly influence the values 
of t,. This is evident since in pure water one of three determinations of 1, involved 
the use of raffinose and two determinations did not. Yet the agreement of the three 
determinations is within | per cent. (See first three values of t, in Table 2.) One of 
the two points in 54 weight per cent ethanol involved the use of raffinose and the 
other did not and yet the agreement in the two points was within 0-2 per cent. Also 
one of the three points at 99-7 weight per cent ethanol was made with a-methyl-p- 
glucoside and two without the inert substance and the agreement of the three data is 
within 8 per cent, whereas the overall change of the transference number with weight 
per cent ethanol is about 40 per cent. Thus the general shape of the curve in Fig. 3 
is independent of the presence or absence of inert substance. 

From Table 2 and Fig. 4 it can be noted that the grammes of solvent carried by 
the cation into the cathode portion per faraday is a positive quantity in pure water 
1) E. S. Amis, J. Phys. Chem. 60, 428 (1956). 
a2) PD. M. Matuews, J. D. Hercey and E. S. Amis, J. Phys. Chem. 63, 1236 (1959). 


(13a) |. G. LonoswortTn, J. Amer. Chem. Soc. 69, 1288 (1947); ©’ C. H. Hate and T. DeVries, J. Amer. 
Chem. Soc. 70, 2473 (1948); ‘ P. Z. Fisner and T. E. Kova, Bull. Sci. Univ. Kiev. No. 4, 137 (1939). 
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and becomes smaller with increasing alcohol concentration. This results in the calcu- 
lated moles of water per mole of cation being 9-34, if it is assumed that the perchlorate 
ion is not solvated by water. When the solvent is 54 weight per cent ethanol, the 
grammes of solvent carried by the cation is a negative quantity, and it is observable 
that this quantity becomes increasingly negative with increasing alcohol concentration. 
In 99-7 weight per cent ethanol the grammes of solvent transported is —158. These 
negative quantities simply mean that at the recorded weight per cents of ethanol in 
the solvents, the anion carries more solvent into the anode region than the cation 
carries solvent into the cathode region, and the excess of solvent carried by the anion 
increases with increasing weight per cent ethanol. 

If it is assumed that silver ion is not solvated by ethanol the —158 g corresponds 
to a solvation number of 5-1 moles of ethanol per mole of perchlorate ion. If the 
silver ion is solvated with 9-3 moles of alcohol as it calculates to be with water, the 
perchlorate ion would be solvated with 9-3 moles of ethanol. 

For pure solvents, the true transference numbers and the solvation number could 
be calculated. However, in the mixed solvents these could not be calculated since 
the molecular weights of the transported solvent to be used in equation (11) and (12) 
were not known. The molecular weights were not calculable because the composition 
of the solvent shells about the ions were not known. 

These data could be interpreted to mean preferential solvation of the silver ion 
by water and of the perchlorate ion by ethanol. Selective solvation of ions has been 
postulated to account for other chemical phenomena."*-") 

Another possible explanation of the negative values found for the transport of 
solvent from the cathode region, is that in solvents 54 or greater weight per cent in 
ethanol the silver ions carry inert reference material into the cathode region. This 
would give the same effect as perchlorate ions carrying solvent from the cathode 
region. LONGSworTH'™» intimates that the reference substance is not necessarily 
electrically inert, and that there could, therefore, be association of the ions with the 
reference substance. However, the magnitude of the effect as recorded by LONGSWORTH 
would be too small to account for the large effect observed in this research. 

It should be mentioned that silver perchlorate in 54 or greater weight per cent 
ethanol gave a faint yellow colour. 
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STUDIES ON METALLIC AZIDES—V* 
A STUDY OF CUPRIC AZIDE REACTION 


H. K. Et-SHAmy and M. F. NASSAR 


Faculty of Science, University of Alexandria, Egypt 


(Received 1 April 1960) 


Abstract—Spectrophotometric studies have revealed that the yellow colour formed on mixing dilute 
aqueous solutions of copper (II) chloride and sodium azide is due to a mono-azido-copper complex, 
with an absorbancy maximum at 367-5 my whose formation constant, K has a mean value of (3-724 
+ 0-08) x 10.-* The colour intensity is decreased by the addition of acids and salts furnishing 
hydrogen, chloride and sulphate ions, but not appreciably by perchlorate or nitrate ions. In the 
presence of a large excess of azide ions and an appreciable amount of hydrochloric acid, copper (IT) 
can be estimated readily in aqueous solutions in the concentration range of 1-320 p.p.m. spectro- 
photometrically. The least detectable increment is | p.p.m. in the range of 1-10 and 2 p.p.m. in the 
range of 10-20 p.p.m 

Curtius and Rissom"? in 1898 were the first to prepare cupric azide from aqueous 
solution of copper sulphate and sodium azide or by the action of hydrazoic acid on 
copper. It has also been obtained"? by the electrolysis of a solution of ammonium 
azide in liquid ammonia, at —67°C using copper anode. 

The yellow-green powder obtained by CiruLts and STRAUMANIS"? by the hydrolysis 
of Cu(NHs;).(N3)2 was assumed to be a basic cupric azide having the formula 
Cu(N;)*2Cu(OH),. Apart from these compounds cupric azide forms a variety of com- 
plexes, e. g., penetration complexes such as the blue crystalline tetrammino-cupric 
azide [(Cu(NHs),)(N3)2, non-electrolytes with the general formula [(N,).Cu(amine),] 
and binuclear complexes with the general formula [(N,),Cu(amine)Cu(N,).]. 

In 1943 STRAUMANIS and CiruLts'*’ prepared some azido cuprates of the elements 
of the first and second groups of the periodic system, e.g. lithium hexazido-cuprate, 
Li,[Cu(N,),], 3H,O; barium tetrazido-cuprate, Ba[Cu(N,),]; sodium triazido- 
cuprate, Na[Cu(N,),] and rubidium pentazido-cuprate, Rb[(N,),CuN,Cu(N,)9]. 
In the first group the number of azide ions per copper atom increased with decreasing 


cation radius. 

Spectrophotometric titrimetry of cupric perchlorate by sodium azide in 80 : 20 vol. 
2-ethoxyethanol : water carried out by Saini and Ostaco .i® indicated the formation 
of CuN,* and suggested the presence of higher complexes such as [Cu,(N,),]-, 
[Cu(N,), and [Cu(N,),}* ions. Spectrophotometric measurements in 
aqueous solutions showed the formation of the complex ion CuN,~. The stability 
constant of this complex had the value of 2-3 x 10* at ionic strength 0-20 and 2:8 

10 at ionic strength 0-10. The values of pX, extrapolated to zero ionic strength, 
lie in the range —2°9 to —3-0 at 20°C. 


* Parts I—IV: H. K. Ext-Suamy and F. G. Suerir, Egypt. J. Chem. 1958 (1959). 
 T. Curtivus and J. Rissom, J. Prakt. Chem. (2), 58, 277 (1898). 
A. W. Browne and co-workers, J. Amer. Chem. Soc. 41, 1769 (1919). 
» A. Crrutis and M. STRAUMANIS, Z. Anorg. Chem. 251, 332 (1943) 
*) M. StRAUMANI!S and A. Cirutis, Z. Anorg. Chem. 251, 335, 341 (1943). 
M. STRAUMANIS and A. Circus, Z. Anorg. Chem., 252, 9, 121 (1943) 
(6) G. Saint and G. Ostacout, J. Inorg. Nucl. Chem. 8, 346 (1958) 
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Parallel to the azido-cuprates a series of cupric thiocyanate complexes also exist. 
Thus cupric thiocyanate complexes were examined spectrophotometrically'” at 443 
my using the method of Jos. The data indicated that, in acetone-water mixtures of 
various SCN ~/Cu** ratios, two species were important: [Cu(SCN),]- and 
[Cu(SCN),?>. Examination of the entire visible spectrum at different SCN~/Cu** 
ratios indicated that in water solutions of copper (II) thiocyanate the predominating 
species were Cu** and [Cu(SCN),}-. 

Further work on the azide complexes seems desirable. For this purpose spectro- 
photometric and physico-chemical investigations have been carried out in this 
laboratory with a view to ascertain the exact nature, Stability and structure of any 
azido-copper (II) complexes that might exist in aqueous or solvent—water mixtures of 
different compositions and concentrations. The present work is concerned with the 
study of the nature and absorption properties of the yellow colour formed on mixing 
aqueous solutions of copper (II) chloride and sodium azide. 


EXPERIMENTAL 


Re ‘agents and procedure 


A stock solution of cupric chloride was prepared by dissolving the AnalaR grade product in 
redistilled water containing a minimum amount of hydrochloric acid to prevent hydrolysis but 
insufficient to reduce stability of the resulting yellow copper azide solutions. More dilute solutions 
were prepared by dilution. In every case the copper content was determined gravimetrically as 
cuprous thiocyanate. A stock solution of sodium azide was prepared and analysed volumetrically 
for the azide content by direct titration against standard silver nitrate solution using potassium 
chromate as indicator. More dilute azide solutions were prepared by dilution and checked for the 
azide content prior to use 

Other reagents used were prepared from the AnalaR or similar grades 

In carrying out absorbancy measurements, the various copper azide solutions were prepared by 
mixing the appropriate amounts of stock solutions and diluting to the desired volumes. The colour 
intensities were measured by means of a Unicam Quartz model S.P. 500. Two glass cells of 1 cm 
thickness, were used; one for the test solution and the other for the blank. For moderate concen- 
trations of too intense colour, glass plungers of 0-9 cm thickness were d pped in the cells to permit a 
light path of 0-1 cm. The results are expressed in terms of optical density, D. Measurements were 
carried out at wavelengths between 330-420 my, in which region there was selective absorption for 
the system investigated. The negligible small absorption of copper chloride at the given concen- 
trations within this wavelength range, permitted the use of redistilled water in the blank cell. 


SPECTROPHOTOMETRIC DATA 


Absorption spectrum 


Equimolecular volumes of cupric chloride and sodium azide solutions were mixed to give a 
cupric azide solution, 0-01 M with respect to copper and azide ions and 0-000305 M with respect to 
hydrochloric acid. The absorbancies were measured immediately after mixing. The absorbancy 
maximum for the yellow colour of cupric azide solution lies at a wavelength of 367-5 my 


Nature of colour reaction 
It is assumed that cupric azide solutions contain a series of complexes of the general formula: 


Cu(N,)” where x is an integer from | to 4, it is possible to represent the stability constants of 
such complexes by the expression: 


Cu(N,)"* 


* Compt. Rend. 78* Conger. Socs. Savantes Paris et dépts., Sect. Sci, 373-80 (1953) 
J. H. Yor and A. L. Jones, Industr. Enene. Chem. (Analvt.) 16, 111 (1944) 
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If the complex has no real existence, K will be equal to zero. It is clear from this equation that-the 
relative proportions of the different complexes, though dependent on the azide concentration, are 
quite independent of the Cu** concentration so long as the latter is not sufficiently great to reduce 
appreciably the azide concentration by complex formation. This effect was demonstrated by per- 
forming two series of experiments. In one series the amount of copper was kept at 0-0002 M, hydro- 
chloric acid at 0-000427 M and that of azide was varied from 0-002 to 0-020 M. In another series, the 
azide concentration was kept constant at 0-020 M, the hydrochloric acid at 0-000427 M and the 
cupric ion concentration varied from 0-00008 to 0-0002 M. The optical density (D) of the solutions of 
both series was measured over the wavelength range of 330-430 mu. The results are represented 
graphically in Figs. 1 and 2. 
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Fic. 1.—Variation of the absorbancy Fig. 2.—Variation of the absorbancy 
of cupric azide solutions (Cu** of cupric azide solutions (N, 
00002 M; H* = 0-000427 M) with 0-020 M; Ht 0-000427 M) with 
increasing concentration of azide ion. increasing concentration of cupric ion 
(N, (1) 0-002 M; (Il) 0-004 M; (III) (Cu** (1) 0-00008 M; (II) 0-00012 M; 
0-012 M; (IV) 0-016 M; (V) 0-020 M) (111) 0-00016 M; (IV) 0-0002 M.) 


Reference to the curves in Fig. 1 shows a significant shift of the absorbancy maximum towards 
longer wavelengths with increase in azide concentration, indicating a change in the proportions of the 
various complexes. By contrast, maxima in Fig. 2 remain constant. Thus the above predictions are 
confirmed. 


Sensitivity of the reaction 


A series of experiments were carried out in 100 ml tall-form Nessler tubes using different copper 
concentrations. It was found that the limit of sensitivity of the test for copper as cupric azide is 
1 p.p.m. when viewed by the naked eye. The azide concentration should be in large excess (at least 
200 moles azide/mole Cu**). An acid concentration of about 0-0004 M should also be present. 
Hydrochloric acid is preferred. Independent observers were able to detect the colour easily and to 
distinguish it from a reagent blank. The optimum concentration range for comparison in Nessler 
tubes is 1-20 p.p.m. of copper present as copper (II). The least detectable increment is | p.p.m. in the 
range of 1-10 and 2 p.p.m. in the range of 10-20 


Confirmity to Beer's law 


To test confirmity to Beer’s law, three series of experiments were carried out. 
(1) A cupric azide solution, prepared by mixing equal volumes of equimolecular solutions 
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containing Cu** and N,~ ions, w 
measured after each dilution 

(2) A cupric azide solution containing a large excess of azide, to ensure the saturation of the 
colour, was treated similarly. In neither case was Beer’s law found to hold. The non-conformance is 
believed to have been due to the change in acid concentration on dilution or to the effect of a time 
factor during successive dilutions. 

(3) Beer's law was found, however, to hold strictly only when the freshly prepared cupric solutions 
of varying dilutions were treated with the appropriate amounts of hydrochloric acid and a sub- 
stantial excess of azide solution and the optical density measured immediately after mixing. Beer's 
law was found to hold for concentrations of cupric copper between 1-320 p-p-m. A straight line 
with a zero intercept value was obtained at a wavelength of 370 mu. Cu** concentrations above this 
range were found to cause a slight deviation. 


as successively diluted with redistilled water and the optical densities 


Factors affecting the stability of colour 


(a) Effect of hydrochloric acid. Varying amounts of hydrochloric acid solution, up to 0-0012 M, 
were added successively to a series of cupric azide solutions, 0-01 M (containing Cu** and N,~ ions in 
equimolecular ratios). The same procedure was carried out with cupric thiocyanate solutions of the 
Same concentrations and compositions. The colour intensities of cupric thiocyanate solutions were 
found to increase gradually to a flat maximum, with increasing hydrochloric acid content, and then to 
decrease slow ly. By contrast, the colour intensities of cupric azide solutions were found to increase to 
a4 maximum Corresponding to 0-0003 M HCI and then to decrease sharply as more acid was added. 
The acid concentration necessary for development of maximum colour intensity Corresponds to 3 per 
cent of the cupric ion concentration and was found to be the optimum concentration to prevent the 
formation of hydrolysis products. 

(b) Effect of anions Cupric azide solutions containing equimolecular concentrations of Cu*+ and 
Ny were next prepared from various copper salts in order to evaluate the effect of the anion upon 
colour intensity. The colour intensities as measured at a wavelength of 370 mu, were found to 
decrease in the order: perchlorate > nitrate > chloride sulphate. This variation in intensity is 
attributed to the effect of the different anions. Similiar effects were observed when cupric azide solu- 
tions were prepared containing varying amounts of perchloric, nitric, hydrochloric or sulphuric acid. 

(c) Effect of pH Cupric azide solutions containing equimolecular concentrations of Cu’+ or N,~ 
ions were prepared in buffered media at different pH values. The results showed that below pH 3, 
the cupric azide colour was completely destroyed. The colour intensity, however, was found to 
increase gradually with rise of pH, in the case of non-complexing acetate buffers, up to pH 8 where 
precipitation started to take place. In the complexing phosphate-citrate buffers the azide complex 
was destroyed. 

(d) The effect of time, light and temperature. In general solutions containing a large excess of 
azide or copper were found to be stable on Standing. Solutions exposed to day light decomposed to a 
greater extent than those kept in the dark. Solutions containing hydrochloric acid were found to fade 
in colour with rise of temperature. Precipitation always took place when unacidified solutions or 
those favouring the formation of Cu(N;), were heated. 


DEGREE OF IONIZATION AND EQUILIBRIUM CONSTANT 


The cupric azide complex was investigated at low concentrations of cupric ion in an acid medium 
If the [Cu(N,)] species is assumed to be present in solution the equilibrium constant, K, for the 
dissociation reaction can be given by 
(a — xb — x) 


x 


K 


(1) 


where a and 6 are known in terms of the molar concentrations, and x in terms of absorption at a 
given wavelength. At the saturation value of the colour, the absorption value D would be propor- 
tional to the concentration a Any absorption value reading d less than this saturation value would be 
Proportional to x which can be evaluated in terms of the molar concentration usi 1g the relationship: 


d 
x a D mole/l. (2) 


Since a, b and x are known, the value of K can be evaluated. 
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Standard cupric chloride solutions, 00002 M with respect to Cu** and 0-000006 M with respect to 
HCl, were prepared containing variable amounts of sodium azide, up to a molar ratio of N,~/Cu** 
equal to 220. The absorbancy of each solution was measured at a wavelength of 370 my. The 
experimental results are shown graphically in Fig. 3. The colour saturation value was obtained by 
extrapolation. The continuous increase in intensity with increase in azide ratio shows that the 
cupric azide complex is highly dissociated. The value for x in equation (2) were calculated and found 
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FiG. 3.—Absorbancies of cupric azide solutions (Cu* 0-0002 M) as a function 
of increasing azide ion concentration. (N, 0-00 to 0-044 M) at 370 mu. 


to remain fairly constant up to a N,~/Cu** molar ratio of fifteen, showing that formation of mono- 
azido-copper (II) complex over this concentration range is a permissible assumption. However, for 
molar ratios greater than fifteen, complexes containing more than one co-ordinated azido group may 
be present, as shown in Fig. 1, where the N,~/Cu** molar ratio reaches 100. The calculated values of 
the equilibrium constants for other molar ratios, m = 2 (e.g. K’ for Cu(N;),), show no agreement with 
variation in N,~/Cu** ratios. Values for both K and K’ are given in Table (1). The mean value of K 
was found to be (3-724 + 0-08) « 10°°. 


TABLE 1.—EQUILIBRIUM CONSTANTS OF CUPRIC AZIDE SOLUTION 


Cu**+:N, | Mole fraction Cu** K x 10° K’ x 10° 
1:1 0-50 3-673 0-698 
1:2 0-33 3-662 1-396 
1:3 0-25 3-691 2-115 
1:4 0-20 3-682 2-818 
re 0-167 3-599 3-450 
1:6 0-143 3-696 4-254 
1:8 0-111 3-741 5-768 
1:10 | 0-09 3-706 7-152 
1:12 0-077 3-814 8-845 
1:14 } 0-067 3-913 10-640 
8:25 0-0625 3-810 11-100 


DISCUSSION OF THE RESULTS 
The formation of a coloured azido-copper (II) complex is the result of a number of 
competitive reactions. If x water molecules are considered to be co-ordinated with 
every copper (II) 10n, then the displacement of aquo groups from this aquated complex 
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by N;~ ion will result in the production of the coloured aquo azido copper (II) 
complex as shown by the following equilibrium: 


[Cu(H,O),}?* + N,- = [Cu(H,0),_,(N,>]* + H,O (5) 


The gradual increase in colour intensity through increase in azide ion concentration 
suggests competition between the azide ion and water for a place in the co-ordination 
sphere. Since the aquated Cu(II) complex acts as Bronsted acids according to the 
reaction: 


(Cu(H,0), + H,O = [Cu(OH)(H,0),]}* + H,O (6) 


an acid such as hydrochloric acid will inhibit this hydrolysis process. In dilute 
solutions, precipitation of a basic cupric azide of the undefined composition takes 
place by the addition of azide ions when insufficient hydrogen ion is present to 
repress hydrolysis. In fairly concentrated solutions, displacement of hydroxo groups 
from the hydrolysed species in (6) takes place at high concentrations of azide, thus: 


[Cu(OH)(H,O),}]* + N,~ = [Cu(N,)(H,0),}* + OH (7) 


When the azide concentration is high, fewer water molecules would be expected to be 
left within the complex and so less hydrogen ion would be necessary to prevent 
hydrolysis, consequently a more intense colour is seen. This indicates that the 
stability of cupric azide solutions is controlled by the hydrogen ion concentration as 
well as by the concentration of azide ion present. 

In solutions of cupric azide containing equimolecular ratios of Cu(II) and azide 
ions, the most intense colour appears only at an acid concentration of abeut 3 per 
cent that of either copper (II) or azide concentrations; at lower acid concentrations, 
hydrolysis takes place. On the other hand, at higher acid concentrations, (>3% 
Cu**) the ionization of hydrazoic acid is repressed, due to the fact that hydrazoic 
acid is weak acid (K = 1-8 x 10~°) and that it is quite volatile (b.p. 37°C). 

The effect of hydrochloric acid on cupric azide solutions is much more pronounced 
than on cupric thiocyanate owing to the fact that hydrazoic acid is a weaker acid than 
thiocyanic acid. The less intense colour at high acid concentrations is due also to a 
competition between the azide and chloride ions in the formation of the azido versus 
the chloro complexes of copper (II). The formation of the chloro complex of copper 
(II) is favoured by high concentrations of chloride ion as confirmed by the fact that 
the colour intensity decreases upon the addition of sodium chloride solution to the 
cupric chloride solution. The following reactions are thus possible: 


[Cu(H,O),2* + Cl- = [Cu(Cl(H,0),}* + H,O 
[Cu(N,)(H,O),}* + Cl- = [Cu(CI(H,0),}* + N, 
[Cu(OH)(H,O),}* + Cl- = [Cu(Cl)(H,0),}* + OH 


The influence of the different anions can be explained on a similar basis. Each anion 
competes with the azide ion on the basis of its inherent tendency to enter the co- 
ordination sphere. The observed order in effecting the colour intensity of the cupric 
azide solution can be explained by the fact that perchlorate and nitrate groups are not 
complexed by copper (II), whereas chloride and, to a larger extent, the sulphate, do 
form the corresponding complexes. This is in accordance with the work of NELSON 
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and GANTz"®) who showed the decreasing order of relative stabilities of Cu(II) com- 
plexes to be oxalate, thiocyanate, citrate, acetate. formate, tartrate, bromide, phos- 
phate, sulphate, fluoride, chloride and nitrate. 

The destructive effect of citrate and acetate used in buffer solutions can be ex- 
plained on the same basis. 


*) P. M. NeLson and E. Sr. Clair Gantz. Proc. Indian Acad. Sci. $7, 101 (1947). 
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SOME METAL COMPLEXES OF CITRATE—II 
ANION EXCHANGE STUDIES* 


N. C. Li and J. M. Waite 
Duquesne University, Pittsburgh, Pa. 


(Received 19 April 1960) 


Abstract—The anion-exchange behaviour of Co(II), Zn(II), uranyl and Th(IV) was studied in citrate 
solutions with a strong base anion-exchanger. The highest order complex of Co, Zn and Th with 
citrate is of the 1:2 type. An anionic thorium-citrate complex is formulated to be Th(Cit’ Cit)*-. 
Uranyl forms only a 1: 1 complex with citrate. 


Stuptes by cation-exchange and potentiometric methods"*) have shown that Co(II), 
Zn(II) and uranyl react in a 1:1 mole ratio with the citrate ion. Formation constants of 
the complexes, MCit~, were determined to be 4-7, 4-7 and 8-5 log units for Co, Zn and 
uranyl, respectively. Because the complex ions formed are negatively charged, it 
became of interest to study these ions further by anion-exchange. 

Thorium as a tetrapositive ion undergoes extensive interaction with water and with 
many anions. As part of an investigation of the solution chemistry of thorium, we 
include here the anion-exchange studies of thorium-citrate complexes. 


EXPERIMENTAL 


Adsorbabilities were measured with the strong base anion-exchange resin Dowex-! (polystyrene- 
divinylbenzene quaternary amine resin, 100-200 mesh). Resin in the citrate form was obtained by 
treating resin in the chloride form with excess sodium citrate, pH = 8, until the effluent gave negligible 
chloride test with AgNO,. The resin was then washed with water to remove excess sodium citrate. 
After resin was air-dried overnight, portions of the resin were analysed for moisture by drying in an 
oven at 110°, and all resin weights refer to the oven-dried material. 

For study of Co-citrate complex, some experiments were carried out using resin in the chloride 
form at ionic strength 0-16 and pH 7-2. For these experiments, the resin was put through several 
ammonium chloride (0-16 M NH,Cl) washings and finally equilibrated with 0-16 M NH,Cl. The 
resin was then filtered through a Biichner funnel, rapidly washed free of adhering salt solution with 
water and air-dried. The experiments were conducted in 0-01 M sodium diethyl barbiturate buffer 
solution, pH 7:2. 

High activity *°Co, Zn were obtained from Oak Ridge National Laboratory. **Th(UX,) 
was Obtained from uranyl nitrate hexahydrate by a solvent-extraction method using thenoyltri- 
fluoroacetone (TTA). All other chemicals were C.P. grade. The y-activity of the radioisotopes was 
measured by counting liquid samples with a sodium iodide scintillation well-counter. Uranium and 
sodium were determined by means of a polarograph and flame photometer, respectively. 


Procedure 


Twenty millilitres of aqueous solutions containing sodium citrate and metal ion were equilibrated 
with resin in 50 ml ground glass-stoppered flasks for 16 hr at 25-0°. The solutions were filtered 
through glass wool rapidly, and 4 ml aliquots were removed for radio-chemical assay. The amount 


* The work reported here was supported by the U.S. Atomic Energy Commission through Contract 
No. AT-(30-1)-1922. 


J. Scnuupert, E. L. Linp, W. M. Westrat, R. Prtecer and N. C. Lt, J. Amer. Chem. Soc. 80, 4799 (1958). 


» N.C. Li, A. Linpensaum and J. M. Wurre, J. Inorg. Nucl. Chem. 12, 122 (1959) 
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of resin in each flask was chosen so that a wide range of citrate concentration could be used without 
appreciable loss in counting accuracy. The distribution coefficients D (amount of radioactive metal 
per gramme of dry resin/amount per ml solution) were calculated from the decrease in metal con- 
centration in the aqueous phase. Slight corrections were applied due to the water content of the resin. 
This correction was necessary only when large amounts of resin were used, and in no case did it 


exceed 5 per cent. 


Molority of sodium citrote 


Adsorbability of Co(II) and Zn(II) in citrate solutions by Dowex 1 resin citrate 


RESULTS AND DISCUSSION 


1. Co(Il) and Zn(II) in citrate solutions 


The results are summarized in Fig. 1, a log-log plot of the distribution coefficient D 
vs. molarity of sodium citrate. Treatment of the data follow that of NELSON and 
Kraus®. In citrate media we may consider the ion-exchange equilibrium 


aMCit x(Cit*~), = a(MCit,*~), + x Cit’ (1) 


where MCit*- is the adsorbable complex ion, assumed to be a predominant species, 
and the subscript r denotes the resin phase. Where no subscript is given, the aqueous 
phase is implied. The mass action expression for the above equilibrium may be 
written 

K (MCit,*~) 

G (MCit,* )(Cit™*),* 
where K is the exchange constant, G the appropriate activity coefficient ratio. 

 IMCit®, *Cit® 
G 6 
IMCit,* /Cit,* 


) F. NeLson and K. A. Kraus, J. Amer. Chem. Soc. 77, 801 (1955). 
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Since (MCit,,), is small compared with (Cit),, we may assume that G and (Cit*~), 
remain constant, so that equation (2) can be written in the form 


, 


K 
(Cit*~),* = constant D(Cit* (4) 


since D = (MCit,*~),/(MCit,*>) (5) 
Differentiation of equation (4) gives the equation 
_dlog D 
d log (Cit*~) 


(6) 


where x is the charge of the adsorbable complex ion and a is the charge on the com- 
plexing anion. Fig. | shows that the slopes in the log D vs. log (Cit) plots for Co and 


Fic. 2 


Adsorbability of Co(II) in citrate solutions, 1 0-16 pH 7-2 by Dowex-1 resin chloride 


Zn are —1-31 and — 1-25, respectively, which is close to the theoretical value, —4/3, 
for —x/a of the species MCit,*~. With the resin in the citrate form and in the range of 
MCit studied (0-03 to 0-8 M), therefore, distribution coefficients decrease with 
increase in citrate concentration, and the distribution data show that Co and Zn 
ions form dicitrate complexes in solution. 
Studies with Co-citrate complex were also carried out with the resin in the chloride 


form, 4 = 0-16, pH 7-2. The results are summarized in Fig. 2 and may be interpreted 
in the following manner. Consider the ion-exchange equilibrium 


MCit~ + (Cl-), (MCit~) Cl (7) 
(MCit~) 
(MCit- KCL), 


r 


(8) 
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Since (CI-) and (CI-), may be considered constant, we may let K’ = (MCit~),/(MCit). 

With the introduction of the following equations 
1 (M**)+(MCit-) in aq. phase 
D (MCit~), M, in resin phase 
k, = (10) 


(9) 


the following equation results 
DK’ Kk, Cit 
We must also consider the citrate ion itself may be adsorbed and if under the experi- 
mental conditions, a constant fraction F of the total citrate A, remains in the aqueous 
phase then equation (11) becomes 


1 | 1 
D K’ Kk,FA, 


A plot of 1/D vs. 1/A, therefore should yield a straight line and Fig. 2 shows this to be 
the case. In the concentration range 0-0009 to 0-027 M citrate, therefore, the Co ion 
forms a monocitrate complex. 


TABLE |.—ANION-EXCHANGE RESULTS FOR THORIUM CITRATE 


Weight of resin 


Na,Cit (M) 
(g) 


0-2950 0-886 
0-3870 1-012 
0-4823 1-139 
0-5736 1-266 
06692 1-583 
0-7582 1-899 


2. Thorium-—citrate complex 


Table | summarizes the data obtained for Th-citrate complex, with the resin in 
citrate form. 

A plot of log D vs. log (Cit) yields a straight line, with slope of —1. From equation 
(6), xja = 1 and since a = 3, x must be 3 also. Bostetsky and Graus™ postulate the 
presence of an anion thorium-citrate complex as ((ThOH),Cit,)*~, which would fit 
our value of x. However from certain pH titration data, discussed below, we prefer to 
formulate the anionic complex as Th(Cit’ Cit)®-, where Cit’ is citrate ion with a 
charge of —4, i.e. one in which the hydrogen of the hydroxyl group has been dis- 
placed. 

WARNER and WeBeER"? have shown that citric acid acts as a tetra-basic acid, H,A, 
toward Cu(II) and Fe(III), while Lt et a/. state that in the pH region below 9, citric 
acid acts as H,A towards Mn, Cd, Zn, Ni and uranyl. The behaviour toward Cu and 
Zn has been confirmed in our present studies (See Fig. 3 where inflexions occur at 


*) M. Bostetsxy and B. Graus, J. Amer. Chem. Soc. 76, 1536 (1954) 
R. C. Warner and I. Weper, J. Amer. Chem. Soc. 75, 5086 (1953) 
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a = 3 and 4 for Zn and Cu, respectively). Fig. 4 curve 2 Suggests that the dicitrate 
complex of Cu(II) (inflexion at a = 7) may be formulated as Cu(Cit’ Cit). Since Fig. 
4 curve 3 indicates that thorium exhibits the same behavior as Cu(II) (inflexion also at 
a 7), it becomes reasonable to postulate an analogous formula for the dicitrate 
complex of Th: Th(Cit’ Cit)*. Gurp et ai. have formulated a similar structure for 
the diglycylglycinate complex of Cu(II) as Cu(GG’ GG)-, where GG’ is glycylglycinate 
ion with a charge of —2, one in which the hydrogen from the peptide linkage has been 


— 


Fic 


Potentiometric titration of: curve 1, 0-010 M citric acid: curve 2, 0-010 M citric acid. 
0-010 M Zn(NO,),; curve 3, 0-010 M citric acid, 0-010 M ¢ u(NO,), 


displaced. The thorium-—citrate complex was also studied by an indirect polarographic 
method, where the polarographic half-wave potentials of solutions containing 5 
10*M Cd(NO,),, 005M sodium citrate and varying concentrations of thorium 
nitrate were determined. Since thorium itself is not determinable polarographically,"”’ 
the half wave potentials of the solutions are due to the reduction of the cadmium ion 
and are reversible (E}-E} 0-028-0-031). As the concentration of thorium 
increases, the amount of free citrate is decreased because of formation of thorium 
citrate complex, and the half wave potential of the solution becomes less negative. Our 
experimental data show that with an increase in thorium concentration from 0-009 to 
0-0275 M, E} changes from —0-646 V (S.C.E.) to —0-598 V (S.C_E.) and pH decreases 
from 6-00 to 3-19. With further increase in thorium concentration (0-05 M sodium 
nitrate in the presence of 5 » 10-4 Cd(NO,),), precipitation occurs. 


3. Uranyl citrate 


Numerous experiments were conducted with the resin in the citrate form under the 
same conditions as for Co and Zn. However, all the uranyl is taken up by the resin, so 
that no reasonable distribution coefficients can be obtained. Even in the absence of 
citrate in the aqueous phase, all the uranyl is in the resin. This extraordinary strong 
affinity of uranyl to the resin citrate demonstrates that the uranyl-citrate complex 
must be very stable and is therefore in agreement with the findings of Lt er a/.@ The 


W. L. Koitun, M. Friep and F. R. N. Gurw, J. Amer. Chem. Soc. 82, 233 (1960) 


I. M. Kouituorr and J. J. LiInGane, Polarography Vol. 2. 446. Interscience, New York (1952) 
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stability therefore should permit a very effective separation of uranium from other 
metals by the use of anion-exchangers. The adsorption of uranyl by the resin citrate, 
when the aqueous solution contains only uranyl chloride, NaCl and no citrate, is in 
agreement with the statement of KATz and SeaBorG“’ that an uncomplexed metal ion 
in solution may be taken up by an anion-exchanger if the metal ion has a tendency to 
form anionic complex on the resin itself. The reaction may be formulated as 


(Cit*-), +- UO,? (UO,Cit-), 


Another example of complex ion formation directly at the exchange sites of an ion- 
exchange resin is the adsorption of uranyl ion from solution by an anion-exchange 
resin in sulphate form." 


The uranyl-sulphate complex like the SO,?-,isdoubly negatively charged and therefore 
remains sorbed by the anion-exchange resin. 
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Fic. 4.—Titration of: curve 1, 0-010 M citric acid, 0-0050 M Zn(NO,).; curve 2, 0-010 M citric 
acid, 00050 M Cu(NO,),; curve 3, 0-010 M citric acid, 0-0050 M Th(NO,),, 0°-1 M NaClO,. 


L1 et al.) have shown that the uranyl-citrate complex is of the 1:1 type and that no 
1:2 complex with citrate is formed. In order to further substantiate this point, we 
have carried out the following experiment: The uranyl-citrate complex was obtained 
by eluting a cation-exchange resin column (resin in uranyl form) with a small amount 
of 0-5 M sodium citrate, pH = 8 (0-492 cm? « 28 cm column, flow rate approximately 
1 ml/min). The effluent was evaporated to dryness; the yellow solid obtained was 
dried at 110° for 24 hr, and analysed (Found Na, 5-13; C, 14-30. Calc. for NaUO, 
Cit: Na,4-74; C, 14-84%). The analytical data therefore strongly support the finding 
that uranyl forms a 1:1 complex with citrate. 

‘8) J. J. Katz and G. T. SeasorG, The Chemistry of the Actinide Elements p. 116. John Wiley, New York 


(1957). 
* T. V. Arpen and G. A. Woop, J. Chem. Soc. 1596 (1956); W. E. Miczver, Science 129, 465 (1959) 
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When Dowex-I resin is in the chloride form and the aqueous phase contains 10-* M 
uranyl chloride and 0-16 M NaCl, the entire uranium remains in the aqueous phase, 
demonstrating that the uranyl ion has only slight tendency to enter into complex forma- 
tion with chloride ion. 


Acknowledgements—The authors are indebted to J. Rivera, R. Priecer and M. BECHTOLD for 
their technical assistance. 
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NEPTUNIUM COMPLEX ION SPECIES EXTRACTED 
FROM NITRIC ACID-PERCHLORIC ACID 
MIXTURES BY TRIBUTYL PHOSPHATE* 


W. E. KEDER 


Hanford Laboratories Operation, General Electric Company, Richland, Washington 
(Received 22 December 1959; in revised form 2 February 1960) 


Abstract—Neptunium(IV) and neptunium(V!) were extracted into TBP-xylene from nitric acid- 
perchloric acid mixtures and the absorption spectra of the neptunium were measured in both phases. 
The spectra of the neptunium in the TBP solutions were found to vary with the aqueous phase com- 
position. It was concluded that more than one complex ion species extracts in each case and that 
three neptunium(VI) species are indicated 


RECENTLY the stability of nitrate complexes of thorium” and zirconium™ and the 
chloride complexes of zirconium"-* have been measured by a tributyl phosphate 
(TBP) extraction procedure. This method’ depends on the extraction of the tetra- 
co-ordinated species from an acidic—aqueous phase into a nonmiscible TBP phase. Its 
application demands that no other species extracts. In practice, extractions have been 
from solutions in which ionic strength was held constant with perchloric acid. 
Spectrophotometric measurements have been made which show that more than one 


neptunium(IV) and neptunium(VI) complex ion species extracts into TBP from nitric 
acid—perchloric acid mixtures. This observation raises considerable doubt about the 
applicability of TBP as an extraction agent for the determination of complex ion 
stabilities. 


EXPERIMENTAL 


Neptunium was obtained in nitric acid solution which was converted to perchloric acid solution 
by successive precipitations of neptunium(V) hydroxide. Neptunium(IV) was prepared by catalytic 
hydrogen reduction and neptunium(VI) by electrolysis.’ A several-fold excess of semicarbazide 
was added to the neptunium(IV) to act as a holding reductant. Four molar HNO, and HCIO, 
solutions were prepared from Baker and Adamson reagent grade acids. One molar TBP was prepared 
from redistilled tributyl phosphate and Baker and Adamson reagent grade xylene. Before each 
neptunium solution was extracted, a portion of TBP was brought to equilibrium with the acid by 
three successive contactings with equal volumes of acid 

Acid mixtures were prepared at the desired nitrate concentrations, at total acid equal to 4-0 molar 
and neptunium was added to each mixture. The absorption spectrum was measured from 400 to 
1300 mu with a Cary Model 14 recording spectrophotometer. Each solution was then contacted for 
5 min with an equal volume of 1-0 M TBP and the spectrum of each phase was measured. The 
concentration of the organic phase was determined by radiometric assay. The neptunium concentra- 
tions of all aqueous phases, except 4:0 M HCIO,, were about 0-008 molar before contacting. 


* Work performed under Contract No. AT(45-1)-1350 for the U.S. Atomic Energy Commission. 

V. Fomin and E. P. Marorova, Zh. Neorg. Khim. 1, 1703 (1956); AERE-LIB-TR-802 (1958). 

*) A. S. SotovKxin, Zh. Neorg. Khim. 2, 611 (1957); AERE-LIB-TR-791 (1958) 

‘) A. E. Levitt and H. Freunp, J. Amer. Chem. Soc. 78, 1545 (1956). 

$2) D. Conen and J. C. HiInpMAN, J. Amer. Chem. Soc. 74, 4679, 4682 (1952); ‘°° W. C. WacGener, J. 
Phys. Chem. 62, 382 (1958) 
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RESULTS AND CONCLUSIONS 


The spectra of neptunium(IV) in nitric-perchloric acid mixtures at constant total 
acid concentration equal to 4-0 M are shown in Fig. 1. These spectra change with 
solution composition because of nitrate complex formation. 

The spectra of neptunium(IV) in 1-0 M TBP are shown in Fig. 2. The neptunium in 
each solution represented in this figure was extracted from an aqueous solution shown in 
Fig. 1. The neptunium spectra in the TBP solutions are clearly a function of the com- 
position of the aqueous phase from which the neptunium was extracted. It has been 


700 800 900 1000 


Woveler ms 


Fic. 1.—Absorption spectra of neptunium(IV) in 4-0 M nitric acid—perchloric acid solutions 


shown that the absorption spectra of ions in solution are very nearly independent of 
the solvent environment in cases where the particular inner sphere complexes present 
are not altered.’ The complex ion species extracted into the TBP must, therefore, 
change with aqueous solution composition. 

No part of these spectra appears to be due to higher oxidation states of neptunium. 
Neptunium(VI) has no significant absorption peaks in the wavelength region con- 
sidered. The extractability of neptunium(V) is low and the spectra of the aqueous 
phases after extraction did not show appreciable amounts of this oxidation state. 
Since spectral measurements were made immediately following extraction, no nep- 
tunium(V) should have appeared in the organic phase. The absence of neptunium(V) 
absorptions in the TBP spectra is also shown by the following observation. A TBP 
solution of neptunium(IV) developed new peaks at 980 and 1003 my after several days 
time, but its former spectrum returned when it was back extracted with the original 
acid solution. The 980 my peak of neptunium(V) then appeared in the aqueous 
solution. 

It was expected that Np(NO,),2TBP would be the chief extracted species at all 
nitrate-perchlorate compositions containing sufficient nitrate to form the complex. 


» J. Buserrnum, A. W. ADAMSON and O. BostruPp, Acta Chem. Scand. 10, 329 (1956). 
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Fic. 2.—Absorption spectra of solutions of neptunium(IV) in 1-0 M TBP extracted from the 
aqueous solutions in Fig. 1. 


Apparently, this is not true. Since only uncharged species are extracted by the union- 
ized TBP, one must conclude that at least one perchlorate-containing complex of 
neptunium(IV) is extracted. 

SOLOVKIN™ has described a TBP extraction technique for determining stability 
constants and has measured the stability of four zirconium nitrate complexes. FOMIN 
and Matorova") have employed the same method for determination of the stability of 
thorium nitrate complexes. In these studies 4-0 M perchloric-nitric acid mixtures were 
used. It was assumed in the treatment of the data that the tetranitrato complex is the 
only species extracted. The fact that other species extract in the case of neptunium(IV) 
raises some question about the validity of this assumption in the cases of zirconium and 
thorium. 

Similar measurements have been made with neptunium(V1). The results are 
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Fic. 3.—Absorption spectra of neptunium(V]) in nitric acid perchloric acid solutions. 
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Fic 4.—Absorption spectra of neptunium(VI) in 1-0 M TBP extracted from nitric acid- 
perchloric acid solutions 
0-00 M HNO, + 40 M HCIO, 
0-05 M HNO, + 3-95 M HClO, 
0-10 M HNO, + M HCIO, 
0-3 M HNO, + 3-7 MHCIO, 
05 M HNO, + M HCIO, 
1-0 M HNO, M HCIO, 
40 M HNO, M HCIO, 


1. 
3 
4. 
6 


shown in Figs. 3 and 4. The spectra at wavelengths shorter than those shown gave no 
evidence of other oxidation states. Neptunium(VI) is considerably more extractable 
from HCIO, than neptunium(IV); so, in this case, spectra were obtained over the 
entire range of acid mixtures from 4-0 M HNO, to 4-0 M HCIO,. 

The spectra of neptunium(VI) in TBP solutions, Fig. 4, indicate that three separate 
species extract from the acid solutions studied. Neptunium(VI) has been shown to 
extract from nitric acid as NpO,(NO,),2TBP. A corresponding diperchlorato 
complex might be expected to be the species extracted from pure perchloric acid. Only 
one nitratoperchlorato complex is possible. This species seems a more reasonable 
postulate for the source of the intermediate spectrum that either a charged or hydro- 
lysed rBP complex. 

Further work is in progress on the spectra of other actinide oxidation states in TBP 
solutions. 


*' J. K. Dawson, R. Ettiorr and H. A. C. McKay, AERE/C/R-1117 (1953 
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PRESSURE-COMPOSITION DATA FOR THE 
LIQUID HCI-HBr SYSTEM AT DRY-ICE 
TEMPERATURES* 


J. D. Consett and W. J. BURKHARD 
Institute for Atomic Research and Department of Chemistry 
lowa State University, Ames, lowa 


(Received 14 January 1960; in revised form 16 February 1960) 


Abstract—A simple, pressurized thermostat containing solid CO, has been used to achieve tempera- 
tures accurate to <0-01° in the range —78-4- —79-0°. The vapour-pressure of high purity HBr in 
this temperature range is given by log Pmm 95915 x 10°/T + 7:5316. Similar equations are 
reported for the vapour-pressures of eight mixtures of HC] and HBr and dew point pressures for 
four. The system shows moderate positive deviation from ideality. 


A CONVENIENT means for the analysis of HCI-HBr mixtures is the determination of the 
vapour-pressure of the condensed liquid."’ For this purpose a thermostat utilizing 
solid carbon dioxide (Dry-Ice) is eminently satisfactory. Pure HCl and HBr have 
vapour-pressures of 1084 and 402 mm at — 78-514", the CO, sublimation temperature, 
and the temperature of the thermostat corresponding to any CO, pressure can be 
accurately determined from the data of Meyers and VAN Dusen? since d7/dP is 

0-016° per mm in this region. In order to make the data useful over a range of 
barometric pressures, the vapour-pressures have been measured over a minimum 
temperature range of —78-4 — 79-0", corresponding to pressures of 767-730 mm. Dew 
point pressures have also been measured for four mixtures. 


EXPERIMENTAL 
Materials 


Anhydrous hydrogen bromide was prepared by the reaction of bromine with 1,2,3,4-tetrahydro- 
naphthalene (tetralin)."*’ The tetralin (Eastman Kodak, practical) was first dried and distilled in an 
Oldershaw column, and the all-glass reaction vessel and purification train was evacuated prior to 
reaction. The evolved HBr passed through a tetralin bubbler to remove Br,, a —63° trap to condense 
tetralin, and was collected at — 80°. The gas was then pulled through a large, serrated tower contain- 
ing P,O,. and condensed onto P,O,» with liquid N,. After thorough evacuation (< 10~* mm Hg in all 
experiments) the HBr was warmed to —80° and the vapour above the liquid slowly removed to a 
storage flask, discarding the first and last 15-20 per cent. This procedure was designed to remove all 
water, tetralin and bromine from the product. The fraction saved was then checked for homogeneity 
by measurement of the vapour-pressure of the most and least volatile fractions obtained at — 80 
Initially, a 20-30 mm variation in the pressure was observed and this could be reduced to less than 2 
mm only by extensive fractionation at —80 and —126°. The impurity was considered to be HCl, 
since a chlorine content of 0-3 per cent was allowed in the reagent-grade bromine used and a like 
amount of chloride could be found in an aqueous solution of the initial product. Therefore, a high- 
purity Br, (A. D. MacKay, <0-02 per cent Cl) was used in the preparation and this was also first 


* Contribution No. 834. Work was performed in the Ames Laboratory of the U.S. Atomic Energy 
Commission 
‘J. D. Consett and N. W. Grecory, J. Amer. Chem. Soc. 75, 5238 (1953) 
2) C. H. Meyers and M. S. VAN Dusen, Bur. Stand. J. Res. 10, 381 (1933) 
* H. S. Boorn (Editor), /norganic Syntheses Vol. 1, p. 151. McGraw-Hill, New York (1939) 


142 


Vol. 
16 
1960/61 


a 

|| 


Pressure-composition data for the liquid HCI-HBr system at Dry-Ice temperatures 143 


equilibrated with powdered KBr. Variation in the vapour-pressure of the HBr was thereby reduced 
to 0-5-1 mm, depending on the extent of fractionation 

Hydrogen chloride was prepared by the convention dehydration of conc. aqu. HCI with conc 
H,SO, in an evacuated apparatus. The gas was passed through two H,SO, bubblers, two —80 
traps, the drying column, and condensed on P.O, with liquid N,. The last 15 per cent remaining 
after vaporization at —80° was discarded: no inhomogeneity could be detected by vapour-pressure 
measurements. The amount of condensable impurities in commercial hydrogen chloride and hydro- 
gen bromide is relatively large 


apour-pressure measurements 


The apparatus used is shown in Fig. 1. Manometers 1, 2 and 4 were constructed from selected 
8-0 mm i.d. tubing; pressures were read to 0-1 mm on metre sticks previously calibrated with a 


| 


s CARTESIAN 

MANOSTAT 


Fic. | 


precision cathetometer. The vapour-pressure finger (5) was connected to manometer 2 with 2 mm 
capillary tubing; this and the use of 2 as a differential manometer kept the fraction of any sample in 
the gas phase below | per cent 

The thermostat, a modification of that of BRown and Brapy''’ consisted of a quart Dewar flask 
filled with powdered CO, and sealed with a split lid covered with soft rubber. The latter was clamped 
onto the flask by wing nuts on } in. steel rods extending to the wooden base; Apiezon “Q” was used 
to seal any small leaks around the lid. In order to achieve a known temperature all air must be dis- 
placed from the flask; for this purpose a rapid stream of gaseous CO, (Matheson, “bone-dry”’), 
conducted to the bottom of the flask was found to be Superior to the immersed heater usually em- 
ployed in thermocouple calibrations Impurities in commercial Dry-Ice have been reported to affect 
the temperature by <0-01°."’ Alternation between cylinder CO, and that generated with a heater 
indicated that gaseous impurities in the former were negligible, affecting the vapour-pressure of HBr 
by <0-3 mm 


‘ 


H. C. Brown and J. D. Brapy, J. Amer. Chem. So 74, 3581 (1952) 
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After this flushing was complete, a much smaller CO, flow was maintained through the flask. 
For measurements at pressures above atmospheric a Cartesian Manostat (Emil Griener and Co., No. 
7A) was used on the inlet stream and the pressure increase noted on the small manometer. Pressure 
regulation to less than +0-5mm up to +40mm could be obtained. Response of the observed 
vapour-pressure to changes in CO, pressure was very rapid. However, the initial vapour-pressure 
observed for a HCI-HBr mixture was always high and decreased to the equilibrium value in about 
20 min. The first liquid produced when the solid mixture melted would be lower in both density and 
HBr content, and this HCI-rich layer apparently persisted on the liquid surface for some time. At 
constant temperature and composition the same pressure was obtained when the equilibrium was 
approached from either higher or lower pressures; this was accomplished by momentarily changing 
either the temperature of the thermostat or the volume available to the gas. Final pressures were 
constant to +01 mm for greater than 10 min and the thermostat could be used for one and one-half 
hours before repacking became necessary 


Dew point pressures 


A similar though larger thermostat was used about volume 6 (Fig. 1) for these measurements. 
Manometer 3 was constructed from 100 ml burette tubes, 17 mm o.d., so that appreciable volume 
changes could be produced. Dew point pressures, corresponding to the formation of the first liquid 
phase, were evidenced by a sharp decrease in AP/AV to essentially zero as the volume was decreased 
in 0-2 ml increments. The total gas volume was about 660 ml, 85 per cent of which was cooled by the 
thermostat. All mixtures were prepared by conventional techniques using ideal P-V relationships. 

The barometric pressure was read on a Welch Marine Barometer that had been calibrated by 
comparison to a high precision barometric calibration standard (Wallas and Tiernan, Model F8187). 
In addition to the standard barometric scale correction, all pressures were corrected to mm of Hg 
at 0° and to standard gravity, using a locally determined value of g. 


RESULTS AND DISCUSSION 
The vapour-pressure data obtained for hydrogen bromide in the range —77-7- 
—79-0° are described by the equation 


log P —9-S915 = 10?/T + 7-5316 


mm 
with an average deviation of 0-18 mm for twenty-seven pressures. With AC, = —7:37 
cal deg* ® the data extrapolate to a boiling point of —66-82°, 0-09° lower than 
accepted. The heat of vaporization, 4390 cal mole~', compares to 4330 cal mole 
previously reported.‘® A significant HCl impurity may have been present in the 
previous study as the vapour-pressures reported are 2-4 mm higher than those found 
here with HBr of apparent high purity. 

Vapour-pressures obtained for HCI were less than 0-4 mm lower than those 
calculated from the data of HENNING and Stock" (log 86381 x 4 
7-47311 in this range), the difference being essentially equal to the gravity correction 
applied. 

The data for the HCI-HBr mixtures, 8 to 13 for each composition, are summarized 
in Table 1. The choice of an equation of the type log P A/T + Bwasa matter of 
convenience, and, because of the limited temperature range, the slope A is not accur- 
ately related to an apparent heat of vaporization. However, the number of significant 
figures quoted for A and B arenecessary to reproduce the measured pressures. 
Although log P vs. 1/T plots for mixtures rich in HBr showed some evidence of 
curvature, this appeared to be within experimental error of the linear relationship 
') Selected Values of Chemical Thermodynamic Properties. National Bureau of Standards, Circ. 500, 

Series II, Table 10. U.S. Government Printing Office, Washington, D.C. (1952). 


*) J. R. Bates, J. O. HALForp and L. C. ANperson, J. Phys. Chem 3, 531 (1935). 
7) F. HENNING and A. Stock, Z. Physik 4, 226 (1921). 
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TABLE 1.—Vapour-Pressures OF HCI-HBr MIXTURES AS LOG Pam A/T + B, 
78-4. —79-0 
T — 
Mole HCl B Average deviation (mm) 
10-1, 9-7826 77-7169 0-44 
24-7 9-8836 78593 0-37 
40-3, 9-6099 77911 0-65 
49-7, 9-6000 7-8239 0-78 
60-7, 9-6774 7-9030 0-98 
703, 9-4231 7-8022 0-63 
80-0, 9: 1667 17-6973, 0-38 
90-2, 8-9394 7-6054, 0-23 


employed; a small change in sample composition with increasing vapour-pressure 
might be responsible. 

Dew point pressures were investigated less extensively; the data for the four 
mixtures studied are listed in Table 2. The equation 1/7 = 74-1416 (9-81018 log 


TABLE 2.—Dew pressures of HCI-HBr mixtures 
AS LOG Pym C/T + D, —78-5 to —78-9 


Mole ° HCl C x 10°* D Average deviation (mm) 
24-6, 7-4340 65064 0-3 
10-707, 82420 0-5 
54-0, 13-431, 9-722 0-3 
61 75-0, 10-169, 8-1438 1-0 


Poo,), derived from Ref. (2), can be used to relate the pressure data in Tables | and 2 
directly to Pow. 

The pressure-composition diagram (Fig. 2) illustrates the moderate positive devia- 
tion from ideality found in this system. These results bear no relationship to the 
results of KLEMANC and Kou’, who, on the basis of vapour-pressure deviations 
between about 46 and 54 mole per cent, claimed that a solid 1:1 compound was 
formed between —70 and — 100°. The presence of gross impurities seems to be the 
only explanation for their observations. However, a positive deviation in vapour- 
pressures only slightly larger than that reported here was found at —86-4 by ALT- 
MAN”, although his description of the vapor pressures in terms of symmetrical 
activity coefficients in a Margules-type equation is not in exact agreement with the 


present results. * 
If gaseous HCI and HBr are assumed to mix ideally, activity coefficients for the 


* For agreement to +2mm, ALTMAN found § = 0-25; here, Bucy 0-18, Bumr ~ 0-30 In both 
cases the individual gas imperfections were corrected by means of Berthelot’s equation. ALTMAN also had 
to correct observed pressures for temperature variations of +0-1° in the tr chlorethylene slush bath, and 
the source of the hydrogen halides used was not stated 


*) A. Kiemanc and O. Kout, Z. Anorg. Chem. 168, 163 (1927) 

D. Arman, U.S.A.E.C Document AECD-2681, Technical Information Service, Oak Ridge, 
Tenn. (1945 
J. H. Hitpreranp and R. L. Scorr, The Solubility of Nonelectrolytes (3rd Ed.), pp. 35-38. Reinhold, 
New York (1950) 
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Fic. 2.—The HCI-HBr system at —78-87°. The broken curves represent ideal behaviour. 


liquid components can be calculated directly from the liquid and gas compositions. 
However, the resulting coefficients* are not consistent with the Gibbs-Duhem equa- 
tion?®) for mixtures containing less than about 50% HCl. The self-consistent 
coefficients above this composition as well as the form of the equation describing the 
vapour-pressures* nevertheless indicate that HBr shows the greater positive deviation in 
this system. The lack of complete consistency between the calculated activity coeffi- 
cients may be due to non-ideal gas behaviour. Although significant deviations are 
known for gaseous HC! and HBr (0-971 and 0-980 for PV/RT at —78-5° and the 
respective vapour-pressures'")), additional nonideal mixing would be necessary to 
account for the results. On the other hand, though the vapour-pressure data are 
considered quite reliable, insufficient data for the somewhat unusual form of the gas 
composition curve (Fig. 2) may be responsible. 


Acknowledgement—The guidance and interest of Professor N. W. GreGory in a preliminary 
investigation of this problem are gratefully recognized. 

*E.g. yuci 1:12, 1-005, 1-00; YuBr 1:02, 1:19, 1-26 (pure liquids) at 10, 50 and 90° HCl, 
respectively. 

t See footnote on p. 145. 
4) C, F. Curtiss and J. O. Hirscuretper, J. Chem. Phys. 10, 491 (1942) 
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A method for Sr 


determination using *°Sr labelled carrier* 


(Received 25 April 1960) 


"Sr is usually determined by p-counting of **Y milked off from a previously purified *°Sr-**y 
equilibrium solution containing only strontium and yttrium carriers. The strontium carrier yield in 
the purification steps is subsequently determined gravimetrically by precipitation of strontium 
carbonate or oxalate from the residual solution.’ 

In natural materials, especially soils and dairy products, this method involves a separation of 
milligram amounts of strontium from large quantities of calcium. The most commonly adopted 
procedure is the fractional precipitation of strontium nitrate from strong nitric acid solutions. ‘?.*’ 
This procedure is tedious and time consuming. Strontium yields and decontamination factors are 
strongly dependent on the Ca/Sr ratio as well as on calcium and nitric acid concentrations.“ 

A new method, based on using “*Sr—spiked strontium carrier solution is proposed The ™Sr 
y-activity enables a direct determination of the strontium carrier recovery thus obviating the need for 
chemical isolation of strontium. This activ ity does not interfere with the ; ssay of *°Sr which is carried 
out, as usual, by /-counting of the separated **Y fraction. The radiochemical procedure is designed 
to eliminate any interfering fission product activity from the final **Y sample. This is achieved by 
conventional scavenging procedures, the most important of which involves the carrying of any such 
activity on a subsequently discarded Y(OH), precipitate, prior to *Y growth in and milking Possible 
contamination by '*°La, grown in simultaneously with the **Y, is eliminated by the previous removal 


of its parent “Ba on a BaCrO, precipitate. The same procedure, of course, reduces y-emitting 
contamination of the strontium containing solution to levels negligible in c ymparison with the amount 
of *Sr introduced. It is not claimed, however. that sufficient decontamination for direct }-counting 
of this fraction is guaranteed by the procedure 

The method consists of the following steps 


The sample is brought into solution and a suitable amount of Strontium carrier, spiked with ™Sr, 
is added. A mixed carbonate precipitate is carried down and ignited to remove organic material. The 
residue is dissolved in acid and purified by a Fe(OH), scavenge followed by a BaCrO, scavenge, 
carbonate precipitation and finally Y(OH), scavenge. The residual solution is acidified and diluted 
to constant volume after adding a known amount of yttrium carrier. The y-count of an aliquot of this 


solution is compared to that of the Original strontium carrier. After a two weeks equilibration period, 
yttrium is milked off from the solution by a double yttrium hydroxide precipitation, followed by 


dissolution and reprecipitation as yttrium Oxalate which is mounted and {-counted The radiochemical 


purity is checked by taking a decay curve. The yttrium carrier recovery is determined by ignition of 
the sample and weighing as Y,O, 
The *°Sr content of the sample is computed using the following formula 


*°Sr dis/min per unit weight 


* The work was performed as part of an investigation by the author in partial fulfillment of the require- 

ments for a Ph.D. Thesis 

‘) L. E. GLeENDENIN, Radiochemical Studies, The Fission Products Vol. 3, N.N.E.S.. Paper 236. McGraw- 
Hill, New York (1951). 

 F. J. Bryant, A. C. CHAMBERLAIN, H. MorGAN and G. § Spicer, Harwell Report AERE HP/R 2056 
(1956). 

J. H. Harwey and I. B. U.S.A.E.C. Report NYO 4700 (1957) 

* J. Gat, E. Rappaport and I. Teucuer, Israel A.E.C Report, IA 516 (1959). 
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A = the **Y /-count in counts/min 
G,; the y-count of the initial carrier solution in counts/min, 
G, = the y-count of the sample aliquot in counts/min, 


% a dilution factor, taking into account the dilution of carrier in sample, 


E = overall efficiency of the counter, 
y fractional Y carrier recovery, 
“ weight of sample, 


Ay! — decay correction factor, A, being the **Y decay constant (0-011 A~') and ¢ the time interval 


between the yttrium separation and counting. 


The overall standard deviation (based on | per cent accuracy in y-counting, 1-5 per cent accuracy 
in #-counting, } hr uncertainty in ¢ and 2 per cent in y) is 3-6 per cent. The method was applied to the 
analysis of two local soils using an ammonium acetate (pH 7) leaching procedure Five-hundred 
gramme samples were used. As a comparison same soils were also analysed using the conventional 
nitric acid strontium calcium separation subsequent to leaching, as well as at the Health and Safety 
Laboratory, New York by the courtesy of Dr. J. H. HARLEY. 

About 20 myuc of “Sr (supplied by ORNL) were employed for each sample. The 7-counts were 
performed in a Nal well counter, and the //-samples were counted under a proportional gas flow end- 
window counter, of 47:5 per cent efficiency for *°Y betas and about 15 counts/min background. The 
method was tested using **Sr standard (supplied by the Health and Safety Laboratory) in calcium 
containing solutions. The agreement between calculated and experimental results was well within 
Statistical counting errors. The decay curves of the separated *°Y showed no detectable contamination. 


The results are summarized in Table 1. 


TABLE 1 


Sr carrier 


eachable Method of 
Sample Leachable ethod o recovery | **Se dis/min per kg 


number calcium analysis (°) 
42¢ A 56 440 + 40 A: new method 
1 per B 43 465 + 50 B: conventional method 
kg soil Cc 420 + 40 C: HASL (hydrochloric 
—. acid leach) 
lig A 85 93 + 10 
2 per B 47 100 + 20 
kg soil Cc 4144 


The error indicated consists of average deviations in duplicate samples. The agreement is good, 
except for the large discrepancy between our and HASL results in sample no. 2. In view of the results 
on other samples from the same location our value seems to be more accurate, 

The method appears to be a good alternative for the conventional fuming nitric acid separation in 
all cases where the simultaneous determination of **Sr by counting of the strontium precipitate is not 
required, although, under favourable conditions **Sr could be determined, using a counter of low 
y-efficiency for direct /-counting of the Sr fraction. It can also be applied to other radioactive 
parent—daughter pairs where a suitable y-emitting isotope of the parent element is available (such as 


149Ba a, using '**Ba) 


Acknowledgement—The author wishes to thank Dr. J. R. Gat for valuable discussions, and Mrs. G 


BARUCH for help with the analyses 
J. GILAT 


Israel Atomic Energy Commission Laboratories 
P.O. Box 527 

Rehovoth 

J, R. Gat and J. Gitar, to be published. 
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Concerning the structure of alkyl aluminium chlorides 


(Received 11 April 1960; in revised form 23 May 1960) 


THe proton nuclear magnetic resonance spectra of methyl aluminium chlorides (Al,Me,Cl._,,: 
N = 2,4, 6) have recently been published.:* The compounds Al,Me.C], and Al,Me,Cl, individually 
in an inert solvent, show but one absorption separated by 0:3 p.p.m. At — 60° (and at room tempera- 
ture) a mixture of the two (25° Al,Me,Cl, in 75% Al,Me,Cl,) exhibits but one resonance interpreted 
as indicating intermolecular methyl exchange even at —60°."."" The NMR spectrum of Al,Me, 
shows 2 lines at —75°, these lines coalescing into one at the weighted mean of the two with increasing 
temperature and thus indicating exchange of the two hypothecated types of methyl groups, bridging 
and end.‘ 

The above interpretations for the chlorides’ are derived from the assumed methyl-bridged 
structures postulated from Raman spectra,'*’ (1) and (II). 


Cl Me Cl Cl Me Cl 
Al Al and Al Al 
Me Me Me Cl Me Cl 
(Cl cis) 
I II 


We wish to point out that the Raman results are compatible with the structures I’ and II’. (The 
tetrachloride has generally been assumed to have methyls asociated with both aluminium atoms as in 
Il or as in I with the bridged methyls replaced by chlorines.) 


Me Cl Me Me re re 
Al Al and Al’ Al 
Me cl Me Me ra 


For I’ then, magnetic equivalence of the methyl groups in the proposed structure for the dichloro 
compound can result from chloride exchange 


Me Cl Me Me Cl Me 
Al Al =— Al Al 
Me Cl Me Me Cl Me 


The actual position of the resonance lines? are consistent with this postulation; the “end’’-methyl 


frequency for the hexamethy!l compound, 2-14 p-p-m., (from CH, in cyclohexane) more closely 
approximates the observed frequencies in the chlorides (1-75 p-p.m. dichloride; 1-45 p.p.m. tetra- 
chloride) than does the “bridging”’-methy! frequency, 1-07 p p.m. In this analysis, no allowance is 


made for the electron withdrawing influence of the chloride: an effect which would be expected to 
reduce the observed frequencies when comparing hexamethyl with the chlorides 


Brownstein, B. C. G. and A. W. LAUBENGAYER, J. Amer. Chem Soc. 82, 1000 (1960). 

N. Mutcer and D. E. Parrcuarp, J. Amer. Chem. Soc 82, 248 (1960) 

'S) Not observing two peaks is not a priori evidence for exchange 

‘*) C. P. VAN DER KELEN and M. A. Herman, Bull. Soc. Chim Belg. 65, 362 (1956). All structures, I, 1.1 - 
can be represented as tetrahedral aluminium atoms joined on an edge 

B. P. Datey and J. N. SHoovery, J. Amer. Chem. Sou 77, 3977 (1955); M. P. Groenewece, J. and 
H. pe Vries (J. Amer. Chem. Soc. 82, 4426 ( 1960)} have extended the work cited in refs. 1 and 2 to investi- 
gations at lower temperatures and compared the results with those obtained on Ti alkyls. Their 
interpretation agrees in all respects with ours. 
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The structures involving methyl bridges are intuitively less satisfying than the halide-bridged 
structures. The ion pair structures are in accord with the Raman spectra, (i.e. symmetry for II’ C,,; 
T,), the numbers and polarizations of lines predicted agreeing with experiment quite as well as for the 
methyl-bridged structures but without the rather strange assumption that only the cis isomer (I) is 
found.'*? The time of observation for the Raman spectra, essentially the time for a vibration, is 
sufficiently short so that the structures observed correspond to the “ion-pair”’ structures, while the 
observation time for the NMR experiments is sufficiently longer so that the chloride exchange could 
cause but one line for the methyls. A mechanism for exchange of methyls in the mixture of I’ and II’ 
would be simple metathesis. Methyl exchange in hexamethyl could proceed through the equivocable 
ethane-like structure that was concluded from electron diffraction'*®’ on this substance. This “no 
electron bond” intermediate will be described further elsewhere 

The chemistry of the alkyl aluminium compounds lends credence to the halide-bridged structures 
As the electron-donating character of the alkyl group decreases, the stabilities of the compounds 
decrease and conversely. A rather critical observation is that compounds AI,R,,Cl,_,, are reported 
only for n = 0, 2, 4, 6; even in the hydrides polymerization occurs to the extent necessary for 
formation of AIR,* units." 
The lack of compounds of n 


1, 3 and 5 can be reasonably ascribed to the processes 


2Al,MeCl, = Al,Me,Cl, + Al,Cl, 


2Al,Me,Cl, = Al,Me,Cl, + Al,Me,Cl, 


2Al,Me,Cl = Al,Me,Cl, + Al,Me, 


with the driving force for these reactions possibly derived from the stability of the AlMe,* unit, 
and the stability conferred by double chloride bridges, except, of course, for the hexamethy! 

The only gas phase dipole moment measurement for the compounds Al,Me,,Cl, _,, is for the tetra- 
chloride: a dipole moment of 1-9 D was found, an impossible situation on the basis of the methyl- 
bridged structures but quite reasonable with halide bridges. Unfortunately, as the authors have 
indicated, the clarity of the result is not conducive to the drawing of firm inferences.'* 

The electron-diffraction results of Brockway and Davipson'’ favour the halide-bridged 
structures, although here too, equivocation is possible. The totality of the evidence seems more 
compatible with the halide-bridged structures than with the methyl bridged structures 


Department of Chemistry R. E. Giick 
The Florida State University A. ZwIcCKEl 
Tallahassee, Florida 


*) L. O. Brockway and N. R. Davipson, J. Amer. Chem. Soc. 63, 3287 (1941). 
7 A. Zwicker and R. E. Giick, to be published 

*) G. E. Coates, Organo- Metallic Compounds p. 7288. Methuen, London (1956) 
* R. H. Wiswatt and C. P. Smytn, J. Chem. Phys. 9, 352 (1941) 


Some studies in the inorganic chemistry of the reaction between 
urany! fluoride and chlorine trifluoride 


(Received 25 May 1960) 


THE fluorination of uranium tetrafluoride with chlorine trifluoride to yield uranium hexafluoride has 
been discussed by LaBaTon''’. Another process by which uranium hexafluoride may be made involves 
the treatment of uranyl fluoride with chlorine trifluoride, and an attempt has been made to define the 
inorganic chemistry of the reaction by establishing the nature of the gaseous products 


V. Y. Lapaton, J. Inorg. Nucl. Chem. 10, 86 (1959). 
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Chemicals 


Uranyl fluoride used in all experiments was prepared by the interaction of uranium hexafluoride 
with steam. The water content of the material as prepared was approximately 0-6 wt. °%, corresponding 
with an approximate formula UO,F,.0 1H,O. Determination of surface area by the B.E.T. method"? 
using nitrogen as adsorbate gave a value of 12:2 m*/g 

Commercial chlorine trifluoride was freed from impurities by redistillation, and its purity checked 
by gas chromatography 


Apparatus 


The apparatus was a modification of that of Exus et al., adapted to include a reaction vessel 
adjoining the sample volume (see Fig. 1). The reaction vessel was a 5 in length of 1 in. i.d. nickel pipe. 


Capsule gouge 
0-1000mm Hg 


dry scrubbers ond 
Chiorofiuorolube pump 


Dry argon 
corrier gas 
Stream 


Valve 


Heat troced ppe 


Fic. 1.—Apparatus. 


mounted horizontally, into which a nickel boat containing uranyl fluoride could be loaded. The 
reaction vessel was fitted into the apparatus with flanged couplings sealed with copper joint rings of 
diamond cross-section. Heat was supplied to the apparatus using tape heaters controlled by a variable- 
voltage transformer 

The gas chromatographic unit was identical with that described by Excus er a/.*’ using the 11 ft 6 in. 
column packed with a 50 wt.°, loading of Kel-F grade *10° oil (Kellogg Corp., Jersey City, U.S.A.) 
on ground polytetrafluoroethylene powder sieved to 30-60 B.S. mesh argon was used as carrier gas 
and a Martin gas density balance acted as detector. Calibration curves were recorded for oxygen 
{retention time referred to peak maximum-2-0 min at carrier flow rate 27-5 cm?/min). chlorine mono- 
fluoride (2-7 min), hydrogen fluoride (3-4 min), perchloryl fluoride (CIO,F) (4-7 min), chlorine (5-7 min), 
chloryl fluoride (CIO, F) (6-8 min), chlorine trifluoride (8-3 min) and uran um hexafluoride (37-5 min) 
Perchloryl fluoride and chloryl flucride were prepared by reaction of potassium chlorate with fluorine 
and chlorine trifluoride, respectively, as described by ENGLEBRECHT and ATZWANGER *', and purified 
by redistillation 


S. BrunaAuer, P. H. Emmett and E. Tecter, J. Amer. Chem. Soc 60, 309 (1938). 
™ J. F. Eros, C. W. Forrest and P. L. ALLEN, Analyt. Chim. Acta 22, 27 (1960). 
‘) A. ENGLEBRECHT and H. ATZWANGER, J. Inorg. Nucl. Chem. 2, 348 (1956) 
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Procedure 

In each run 1-0 g of uranyl fluoride was spread evenly over the base of the nickel boat, the couplings 
of the reaction tube were remade and the tube was evacuated. After degassing for 2 hr at 100°C to 
remove any free water, the reaction vessel was allowed to attain a desired temperature, and batches 
(about 0-25 g) of chlorine trifluoride at 300 mm Hg pressure were introduced. After allowing time 
for complete reaction, the resultant gases were allowed to expand into the evacuated sample volume, 
which was isolated. After the pressure had been measured, and surplus gas pumped aw iy, the sample 
containing product gases was immediately passed to the gas chromatographic unit and analysed. 


he reaction was investigated at three temperatures: 150, 100 and 50°C. At 150 and 100 C, with 
reaction times of 10 min, the whole of each batch of chlorine trifluoride reacted. with the ¢ xception of 
the final two or three batches in each case, when onl nall amount of unreacted chlorine trifluoride 
was recovered. At 50°C only about half the ¢ trifluoride was profitably used after 30 min 
reaction time, and the final batches in each run needed some hours to react completely. In run 5 the 
average reaction time was 30 min ¢ to 60 min in run 6 and 90 min in run 7 
A summary of the react : raction of uranyl! fluoride with chlorine trifluoride 
at various temperatures is given in Table |. Results have been converted to molar equivalents. 
TABLE Propucts or CIF,-UO,F, REACTION 
Total — | Gaseous products, 
Run Temp. | molar equivalents 
Cc) eqt aient | 
|UO.F,| CIF, | UF, | 0, | CIF « 10, 
] 150 1} 1-0 1-87 10 049 049 | 046 | 0-40 - 
2 150 1} 1-0 |} 1-97 10 | 037 043 | 047 | 047 - 
3 100 2 10 1-94 10 O12 O16 | 102 | 0-59 . 
4 100 2 10 201 1-0 O1ll O17 | 100] 0-57 - 
5 50 25 1-0 216 | 10 004 004] 1-56 |] 051 | 0-20 
6 | S50 27 | 10 222 | 10 | 001 003 | 1-61 | 060 | 0-04 
7 50 32 1-0 2-70 | 10 0-03 | 004 | 1-78 | 0-55 


All the compounds quoted in Table | were positively identified, with the exception of chlorine 
dioxide: this substance is the most probable cause of a distorted peak at 8-0 min retention time 
(cf. above) overlapping the CIF, peak in elution traces. A specimen of chlorine dioxide was prepared 
and shown to elute at 8-0 min, but tended to decompose somewhat on the column. The figures quoted 
for this material in Table 1 are very approximate. The figure given for chlorine trifluoride was 
obtained by subtracting the amount recovered from the total admitted to the reaction vessel. On 
balancing the elements admitted and recovered, there is an over-all deficiency in recovery of all 
elements except uranium. This is shown in Table 2, in which the mean stoicheiometry of the 
CIF,-UO,F, reaction is summarized 


Discussion and Conclusions 


Most of the over-all fluorine loss is undoubtedly caused by reaction of the initial chlorine tri- 
fluoride batches with the unfluorinated walls of the reaction vessel. to produce nickel fluoride. This 
has been identified by X-ray crystallographic examination of scrapings from the reaction vessel walls 
A further loss is caused by reaction of chlorine trifluoride with residual water in the uranyl fluoride; 
this yields hydrogen fluoride which is mostly adsorbed on the vessel walls, though traces have been 
recorded in the first batch analysis of some runs. The relatively high amount of unaccountable 
fluorine at the lowest temperature may well be a result of the increased contact times involved. 

The discrepancy in the chlorine balance is not particularly serious in any case, and is negligible at 
the lower temperatures. The 5 per cent loss at 150°C is probably caused by the formation of metal 
chloride as well as fluoride in wall reactions. 
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MEAN STOICHEIOMETRY OF THE CIF,-UO,F, REACTION 

| 
molar Products, molar equivalents 

equivalents 


Unacecx yuntable, 
Temp equivalents 
CC) 


UO.F, CIF, UF,| O, Cl, | CIF | CIO.F oO, a 
150 1-0 192 10 043 046/046) 0-44 - | 013 | 086 | O10 
100 10 198 10 O12 O17 101) O58 0-30 | 035 | 005 
50 10 236 «8610 003 004 165 O55 | 008 | 036! O88 


The over-all deficiency in oxygen is more difficult to account for. At 50°C the balan« rst in 
run 7 when the longest reaction times were permitted and no chlorine dioxide was recor Further, 
the nearest approach to a balance is in run 5 where reaction times were shorter and a re rve 
amount of chlorine dioxide appeared to be present. As the reaction temperature increased lorine 
dioxide was noted, and the xygen balance improved. It seems possible, therefore, t : rine di- 
oxide may form in the early st iges of the reaction and subsequently dissociate, most rap t higher 
temperatures. Whilst it exists it is possible that oxidation of the ipparatus occurs, r ng ina 
deficiency of volatile oxygen Compounds recovered (cf. the Strong oxidizing power of chlorine dioxide 
mentioned by MELLOR'*’) 

his study shows that uranyl fluoride may be completely converted to uranium hexafluoride by 
treatment with chlorine trifluoride at temperatures from 50 to 150°C The other gase reaction 
products are xygen, chlorine, chlorine monofluoride and chloryl fluoride. with the Pp bility of 
chlorine dioxide as a reaction intermediate. The relative amounts of these products the 


reaction temperature. At 150°C the stoicheiometry of the reaction may be reasonably expressed by 


2U0,F, + 4CIF, 2UF, Cl, CIF + ClO,F ~ O, + (F,) 


Molecular oxygen and chlorine in appreciable quantities only result at the higher temperatures in the 


range considered. There is an increasing tendency for chlorine monofluoride to be produced at the 
lower reaction temperatures, with a corresponding fall in chl rine production This is probably 
caused by secondary reaction of chlorine monofluoride with uranv! fluor Je at the higher temperatures 
Amounts of chloryl fluoride vary little with reaction temperature. A kinetic study of the reaction is 


ed by Kennedy er a/."*) These authors have shown that the initial reaction of residual water 


n in uranyl fluoride with chlorine trifluoride is very rapid compared with the subsequent 
process prod 


creates local high temperatures which enhance the rate of the chlorine trifluoride—uranv! fluoride 


icing uranium hexafluoride he strongly exothermic reaction with residual water 


reaction at its outset 

Though it is generally seen that a temperature in excess of 100 C is required to complete the 
reaction relatively rapidly, it is evident that the interpretation of results and the assignation of 
metrical equations is c ymplicated by side reactions of the reactive hal gen gases both with 
residual water in the uranyl fluoride (which is most difficult to dehydrate beyond UO,F,.0-1H,O) and 


stoichek 


with the walls of the reaction vessel 


ickhnowledzements—This note is published by permission of Sir Witttam Cook, Managing Director, 
and Dr. H. Kronspercer, Director of Research and Development, of the U.K.A.E.A (Development 
and Engineering Group) 
J. F. Etwts 
U_K.A.E.A (Development and Engineering Group) C. W. Forrest 
Research and Devel: ypment Branch 
( ape nhurst, Chester 
*! J. W. Mettor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry Vol 2, p. 289. Longmans, 
Green, London (1937) 
‘) P. Kennepy, E. V. Garner and J. V. SHENNAN, U.K A.E.A., R & D. Branch, Capenhurst (1960). 
To be published 
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The preparation of anhydrous plutonium trichloride 


(Received 16 June 1960) 


PLUTONIUM trichloride was first produced by direct combination of the elements at 450°C and 60 mm 
pressure.''’ Various other methods of preparation involving gas-solid reactions have been described 
by GARNER et al."?’ and ABRAHAM ef al.'*) These methods include the use of phosgene or hydrogen 
chloride-hydrogen mixtures as chlorinating igents. All the methods are very time consuming when 
gram quantities of plutonium are involved. We report results on the chlorination of plutonium 
dioxide, plutonium (IIT) “carbonate” and plutonium (III) and (IV) oxalates by either phosgene or by 
hydrogen chloride. 
Experimental 

Plutonium (IIT) and (IV) oxalates were precipitated by the addition of oxalic acid solution to a 
solution of plutonium (IV) in nitric acid or of plutonium (IID) in either nitric acid or hydrochloric acid. 
The precipitates were washed with dilute acid, filtered on to a sintered glass frit and “air-dried”. 
Plutonium (III) “carbonate” was precipitated by the addition of excess solid ammonium carbonate 
to a solution of plutonium (III) in hydrochloric acid. Plutonium dioxide was prepared by the ignition 
in air of plutonium sulphate, Pu(SO,),, at 800°C in a muffle furnace. 

The results on the 0-5 g Pu scale were obtained using a simple tube furnace. The other results 
were obtained using a furnace assembly designed to agitate the solid reactants continuously by rotation 
of the furnace tube at 2 rev/min in an attempt to reduce the effect of the depth of the bed on the rate 
of chlorination. Dry hydrogen chloride or phosgene was fed into the furnace tube through a rotating 
seal. The contents of the reaction tube were always kept within a hot zone of uniform temperature 
maintained to within + 20°C of the desired temperature 

For the hydrochlorination experiments the material to be hydrochlorinated was heated for a 
predetermined time at 140°C in the furnace tube in a stream of argon. The hydrogen chloride was 
then introduced and the temperature increased to the final operating temperature over a period of 
about 15 min. After a given time at the operating temperature the products were allowed to cool in a 
current of argon. Any condensate found at the end of the furnace tube was removed with a micro- 
pipette and the end of the tube was dried with paper tissue. The product was then quickly tipped out 
into a plastic weighing bottle and stored in a desiccator 

When using phosgene the procedure was slightly different, thus: (1) the Starting materials had 
already been heated at 140-200°C for 2 hr before introduction into the furnace tube and (2) the 
phosgene was introduced at the start of the run and the temperature was then raised. 

The products reported in Table | were not analysed, but experience had shown that a reliable test 
for the purity of the plutonium trichloride was its solubility in water since the starting solids and any 
impurities in the product were insoluble in water. The product was considered to be 100 per cent 
plutonium trichloride when it dissolved in water to give a blue solution c mpletely free of turbidity. 
All other products were analysed for plutonium, chlorine and oxalate content. Plutonium was 
determined by x-counting, and spectrophotometrically as plutonium (III). Oxalate was determined by 
titration with standard permanganate and the lower limit that could be detected represented about 
0-3 per cent oxalate in the product. Chloride was determined by the Volhard method. 


Results 


(a) Chlorination by phosgene 


(i) The chlorination of plutonium dioxide. No reaction took place below 700°C (cf. BUDAYeR and 
Votsky'*’); small samples (10-50 mg) were rapidly and completely chlorinated at 850°C but larger 


~ 


(5 g) samples were only partly chlorinated since a layer of molten plutonium trichloride prevented the 


) F. HAGEMANN, Metallurgical Project Report USAEC Document CK-1327 (1944). 

*) S. E. Bakes, C. S. Garner, I. B. Jouns, G. H. MouLTON and B. Weinstock, USAEC Document LA. 
112 (1944) 

B. M. AsranaM, B. B. Bropy, N. R. Davipson, F. HAGEMANN, I. Karwe, J. J. Katz and M. J. Wo tr, 
Preparation and Properties of Plutonium Chlorides and Oxychlorides. NNES, Div. 1V, Vol. 14B, Paper 6,7. 
McGraw-Hill, New York (1949) 

‘) 1. V. Bupayer and A. N. Vouskxy. Proceedings of the Second International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958, Vol. 28, Paper 2195. United Nations (1959). 
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reaction going to completion. At 1200°C the plutonium trichloride was quantitatively volatilized but 
was difficult to condense efficiently and the PuCl, “smoke” produced when the temperature of the 
carrier gas fell below about 600°C was also difficult to trap. 

(ii) The chlorination of plutonium (111) “carbonate” and oxalate by phosgene. Complete conversion 
of the plutonium (II) oxalate to plutonium trichloride (on the 0-5 g Pu scale) was obtained in 3-4 hr at 
600-650°C but the product was contaminated with carbon. The results of the chlorination of 
plutonium (III) “carbonate” with phosgene are given in Table 1. Quantitative conversion of the 
“carbonate” to the trichloride has been repeatedly obtained on the 20 g Pu scale. 


TABLE 1.—CHLORINATION OF Pu (IID) “CARBONATE” WITH PHOSGENE 


R Scale Duration of Temperature Flow rate of Conversion to 
un no. 
(g) experiment (hr) CC) phosgene (1/hr). PuCl, 
I 0-5 1-75 350 1-3 Incomplete 
2 0-5 0-85 400 1-3 | Complete 
3 0-5 1-25 400 1-3 | Complete 
4 0-5 2-25 400 1-3 Complete 
5 0-5 275 500 2-5 | Almost complete 
6 0-5 3-75 500 1-3 | Complete 
7 3-0 5-25 500 2-5 Complete 
8 5-0 10-28 500 2-5 Complete 
9 0-5 3-25 550 2-5 Almost complete 
10 1-0 3-25 550 2-5 Complete 
11 0-5 3-75 7 2-5 Almost complete 
12 20-0 8 500-550 2-5 Complete 
— 4 = 


(b) The hydrochlorination of plutonium (111) or (AV) oxalate 


It was found desirable to heat the oxalates at*140 C (in argon) for 1-2 hr before introducing 
hydrogen chloride at 140°C. The results of runs in w hich the time of hydrochlorination was varied are 
given in Table 2. Unless otherwise stated the oxalates were heated for 2 hr at 140°C in a stream of 
argon before hydrochlorination 


TABLE 2.—THE EFFECT OF TIME OF HYDROCHLORINATION ON 
THE PERCENTAGE OF CHLORINE IN THE PRODUCT 
(For PuCl,: Cl 30-7°.) 


Time of hydrochlorination 
at 140—S00°C (hr) 


| 
| 
| 


27:0 | 29-9 | 28-2 | 300 
26-7 | 28-7"! 29-9 
Cl in the product (°,) | 28-1*| 30-7 
30-2 


*1 hr heating at 140°C 
® product contained 20°, of PuOC! 


The time taken to increase the furnace temperature from 140 to 500°C (with hydrogen chloride 
flowing) was varied from 15 min to 210 min and, for a fixed total time of hydrochlorination (4 hr), 
it was found preferable to increase the temperature quickly (140-S00°C in 15 min). Light brown 
powders containing very little chlorine were obtained when hydrogen chloride was not introduced 
until the temperature had reached 500°C and it is desirable to introduce the hydrogen chloride at 
140°C. 
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With plutonium (III) oxalate, the rate of hydrochlorination at 200 C was exceedingly slow but 
quantitative conversion to plutonium trichloride was possible in 4 hr at 500'‘C. Temperatures in the 
range 400-550°C were used with plutonium (IV) oxalate and the optimum témperature was 500°C. 
The rate of hydrochlorination was considerably slower at 400° while at 550°C brown powders of low 
chlorine content were obtained 


Discussion 


The nature of the intermediates produced during the thermal decomposition of Pu(I[V) or Pu(III) 
oxalates is unknown, but Dawson’”’ has found that no stable carbonate is formed and the character- 
istic X-ray pattern of PuO, does not appear below 400°C on ignition of Pu(C,O,),6H,O in air. The 
thermogravimetric decomposition curve'®’ of Pu(IIL) oxalate in air does not indicate the presence of 


any stable intermediate between Pu(C,O,), and PuO, 

In a study of the thermal decomposition of thorium oxalate, D’Eve and SeLLMan'”' found that the 
product (ThO,) was contaminated with carbon which they suggested was formed by the dispro- 
portionation of the carbon monoxide produced by the decomposition of the oxalate. The carbon 
formed during the chlorination of Pu(IIL) oxalate by phosgene may be formed by a similar reaction. 
Carbon monoxide is also formed in the dissociation of phosgene: COCI, = CO + Cl,, and at 
400-500 C the equilibrium lies well over to the right hand side of the equation. In our experiments it 
is unlikely that thermal equilibrium was reached 

In the production of PuCl, by the action of hydrogen chloride on Pu(C,O,),6H,O, a reducing 
agent is necessary unless PuCl, is formed as an intermediate. This is unlikely, since all attempts to 
prepare PuCl, have been unsuccessful.'*! The thermal decomposition of hydrogen chloride is very 
small at 500'C (<< 10° per cent dissociation) and the reducing agent may be the carbon monoxide 


formed on decomposition of the plutonium oxalates. 

The composition of the plutonium (III) “carbonate” used in our work is not known but it may 
well be a mixture of ammonium plutonium carbonates similar to those found by Get’MaAN and 
in the case of PulV “carbonate” 
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The extraction of uranyl nitrate by tributyl phosphate in the presence of 


some nitrate salting-out agents 


(Received 8 June 1960: in revised form 13 July 1960) 


THE extraction of uranyl nitrate from nitric acid solution by tributyl phosphate (TBP) was reported 


in a previous paper.'’*’ The salting-out effect of some nitrates upon the extraction of uranyl nitrate 


by TBP was investigated in the present work 


1) T. Sato, J. Inorg. Nucl. Chem. 6, 334 (1958). 
2) T. Sato, J. Inorg. Nucl. Chem. 9, 188 (1959) 
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Aqueous phases containing uranyl nitrate of 5 g/l. and varying nitric acid concentrations were 
extracted with 19 per cent TBP in kerosene using v arious nitrate salting-out agents at 20°C in the 
manner described in the earlier paper.'*’ Uranium was determined gray imetrically after separation.” 
from other metals. 

The percent ige of uranyl nitrate extracted") was determined at various nitric acid concentrations 
in the presence of nitrate salting- out agents at 1 M concentration. The results are given in Table 1 


TABLE 1.—EXTRACTION OF URANYL NITRATE USING VARIOUS NITRATE SALTING-OUT AGENTS 


Percentage extracted 
Nitrate salting-out |- 
agents 0 M* 1 M* 3 M* 6 M* 


(HNO,) 2-96 82-10 95-52 97-10 
NH,NO, 70-00 92-30 96-50 7-40 
LiNO, 73-05 94-60 97-50 97-95 
NaNO, 72-50 93-00 97-10 97-80 
KNO, 65-00 90-50 96-00 97-10 


Cu(NO,), 86-02 97-50 97-70 99-00 
Mg(NO,), 84-35 97-20 97-50 99:40 
Ca(NO,), 82-48 96-60 96-60 97-50 
Zn(NO,), 79-75 98-05 98-10 99-40 


AICNO,), 99-90 99-60 98-20 99-50 
Fe(NO,), 99-80 99-50 98-20 98-90 


* This expresses the initial aqueous nitric acid concentration. 


In Table | it is seen that although the presence of nitrate saltir 1g-Out agents favours the extraction 
of uranyl nitrate, its effect is most remarkable at low acidities And the percentage extracted of urz inyl 
nitrate with trivalent metal nitrate at zero HNO, viz-a-viz that at 3 M HNO 


3 Concentration increases 


TABLE 2.—AMOUNT OF NITRATE SALTING-OUT AGENTS ¢ O-EXTRACTED 


DURING THE EXTRACTION OF URANYL NITRATE 


Percentage co-extracted 


Nitrate salting-out 


agents 


1 M* 


LiNO, 
NaNO, 
KNO, 


Cu(NO,), 0-050 0-025 
Met(NO,), 

Ca(NO,), 0-118 0-064 
Zn(NO,), 0-005 


AIUNO,), 0-004 0-003 
Fe( NO,), 0-010 0-008 


itric 


aqueous 


concentrat 


U.S.A.E.C. Report A-2919, Vol. 1 (19-46) 
C.J. Ropven, (Editor-in-Chief ), Ane vrical ¢ hemistry of the Manhattan Project McGraw-Hill. New York 
(1950) 
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slightly. The present author has shown in a previous paper'’’ dealing with uranyl nitrate extraction 
vs. nitric acid concentration that the extraction of uranyl nitrate is a maximum at 6 M HNO,; it may 
be that at low acidity this maximum is displaced to lower nitrate ion concentration, and the shape of 
the extraction vs. nitrate ion concentration curve is altered when, comparatively, the nitrate complexing 
of the uranium is increased and nitric acid competition for the available TBP is reduced.'* 

The amount of nitrate salting-out agents co-extracted with uranyl nitrate into TBP is shown in 
Table 2. 

From Table 2 it is observed that small amounts of some nitrate salting-out agents (Cu, Ca, Zn, 
Al and Fe) are co-extracted with uranyl nitrate into the organic phase at low acidities. But the order 
of the percentage co-extracted of the nitrates is different from that of their solubilities’ into TBP. 

The effect of the amount of nitrate salting-out agents is presented in Fig. 1. 


100 


90 


% extracted 


85 


2 3 
Amount of nitrate sciting-out agents, M 


Fic. 1.—Effect of amount of nitrate salting-out agents upon the extraction of uranyl! nitrate 
at | M initial nitric acid concentration. 


In Fig. 1 the salting-out effect of nitrates decreases in the order of Al, Fe, Li, Zn, Cu, Mg, Na, Ca, 
NH, and K at 4 M (1 M HNO, plus an amount of nitrate). Although the order of the salting-out 
effect of monovalent nitrates corresponds to the order of their activity coefficients, that of bivalent 
metal nitrates does not always correspond to the order of their activity coefficients.'”’ 
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A new method for the conversion of inorganic salts to the 
corresponding perchlorates 


(Received 28 June 1960; in revised form 3 August 1960) 


Nirrosyt perchlorate was found to react with inorganic salts, the anions of which form volatile 
nitrosyl compounds, to yield the solid, anhydrous metal perchlorates. This displacement reaction 
is believed to be of interest because it represents a new synthetic method of introducing the perchlorate 
group and possibly provides a relatively simple method of preparing various volatile nitrosyl 
compounds. In the experiments following, the salts KNO,, KCI, NaF, Ba(NO,),, and AgBr were 
reacted with nitrosyl perchlorate to give substantial conversions of the former materials to the 
corresponding perchlorates by the general, overall reaction: 


MXa (solid) + nNOCIO, (solid) -- nNOX (gas) + M(C1IO,)n (solid) (1) 


The reported reaction?’ between silver perchlorate and nitrosyl chloride in a sealed tube producing 
silver chloride and nitrosyl perchlorate would appear to indicate that the displacement reactions of 
nitrosyl perchlorate might be of an equilibrium nature. Accordingly, in the present studies, reaction 
(1) was driven to the right by removal of the volatile reaction products from the reaction site 


E xperimental Procedures and Results 


The preparation of and analytical methods applied to nitrosyl perchlorate have been desc ribed in 


detail elsewhere."?’ (Chlorine: Found, 27-28°,: Cale. for NOCIO,, 27-39 Nitrosyl group: 
Found, 23-16 Calc. for NOCIO,, 23-17%.) The additional salts used were all of reagent grade and 


were treated by drying at 110° for 12 hr prior to use 

The reaction mixtures (0°8 to 1-2 g) of Table | were prepared by mixing the components under 
anhydrous conditions. After standing for 24 hr in a tube vented through a drying tube filled with 
magnesium perchlorate, the resultant samples were heated at 50°, 75° and 100° for 4 hr periods at 
atmospheric pressure with venting of the gaseous reaction products; the samples were then heated 
under vacuum (3-5 mm Hg) for 3 hr, ground, and reheated under vacuum for 12 hr at 100°. Heating 
of the mixtures under vacuum conditions provided a convenient means for removing vi latile nitrosyl 
compounds Nitrosyl perchlorate itself undergoes thermal decomposition to gaseous products at 
elevated temperatures ‘) The results of chemical analyses of the final products are given in Table I 
Nitrosyl perchlorate was determined by reaction with excess sodium hydroxide s« lution and back- 
titration with standard acid.’ Total chlorine was found by precipitation as silver chloride after 
fusion of the sample with sodium carbonate in a platinum crucible. Except for mixture (b), chlorine 


as chloride or chlorate was not present in any of the reaction residues 


In the instances of mixtures (a), (b) and (c), considerable reaction, as measured by weight losses, 
was noted to have occurred after standing at ambient temperature for 24 hr Thus, 1-0138 g of (a) 
lost 0-1650 g; 0-7845 g of (b) lost 0-0691 g and 1:2456 g of (c) lost 0-0618 g In an additional exper- 
ment 1-8549 ¢ of a mixture containing 49-96 wt. °, KNO, and 50-04 wt NOCIO, underwent a 


weight loss of 0-1833 g¢ after standing for one week in a vented tube at room temperature; | 0004 g 
of nitrosy! perchlorate under similar conditions showed no change in weight after a three week period 


Discussion 


Though pure metal perchlorates were not obtained in these studies, it is likely that prolongation 
of the reaction times at the lower temperatures, repeated grinding between heating periods, and longer 
evacuation intervals would have resulted in final products of greater purity 


The displecement behavior of nitr syl perchlorate appears to be an example of a more general type 


R. Perror, C.R. Acad. Sci., Paris 201, 275 (1936) 
2) M. M. Marxowrrz, J. E. Ricct, R. J. Gotpman and P. F. Winternrtz, J. Amer. Chem. Soc. 79, 3659 
(1957 
K. Cruse. G. Huck and H. Moetrer, 7. Anorg. Chem. 259, 159 (1949) 
K GERDING and W Haak, Chern eekhlad 52, 282 (1956) 
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TABLE SUMMARY Of 


RESULTS 


Mole ratio 


NOCIO, 


(MXa) NOCIO, (wt. NOCIO, 
MXa (wt, ° ) 


a 1-852 


d 
(NaF) 


29 


e 3 
(Ba(NO,),) | 


13-04 


2-67 
(by diff.) 


Residue composition 


(wt. 7%) 


2-02 


(by diff.) 


1-14 


16°85 
(by diff.) 
46°70 
(by diff.) 


(by diff.) 


71-86 


11-85 39-26* 


* Found 39-35 


+ Based on water- 


Ba content of residue 40-58 
Ag content of 48-68 


Calc 


soluble 


of reaction which may be cha: 


examples involving other nitr | 


Acknowl The studies rep 
by New York University for 


lzement 


Picatinny 


Ibid. 260, 295 (1949); F. D. Rossini, D. D. Wa 
Values Thermodynan ic Propertie 


U.S. Government Printing Office, W ashington (1952) 


of Cnen i 


GMA W 


H 


cteristic of ionic or highly polar nitrosyl c ympounds 
yl compounds are to be found in the literature 


NOBF, NaF — NO} NaBF, (2) 

NOHSO, ~ NaCl -+ NOCI — NaHSO," (3) 

NOC] — NOF (4) 

Nitrosation reactions in general Aryl: H NO~ — Aryl : NO H (5) 

The nitrosyl perchlorate reactions described here bear a formal analoey to th se displacement 

reactions involving condensed phases as reported by HEpDvVALt to occur between metal oxides 

and metal salts (e.g. MO MX —-- MX MO, where X CO, SO,, SiO,, Cl or S). The nezative 

values for the free energy changes of these reactions are due primarily to their exothermic nature 

The nitrosyl perchlorate reactions, however, have been c mputed to be endothermic and must 
proceed because of favourable entropy changes 
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LETTERS TO THE EDITOR 


Preparation, structure and electrical properties of some substituted 
lithium-oxo-metallates 


(Received 8 July 1960) 


We would like to report the preparation of two series of substituted ternary oxides of the types 
and where Me = Mn**, Fe*?, Cot*, Ni*?, Cu**, Zn*? and 
Me’ = Ti**, Mn**, Nb**, Ta*®. These compounds may be derived from the unsubstituted compounds 
LiFe**O, and Li,Ti**O,;, which are known to crystallize in a random sodium chloride structure. 
The lattice parameters and some electrical properties of the newcompounds aresummarized in Table 1. 


TABLE 1.—LATTICE PARAMETERS AND ELECTRICAL PROPERTIES OF THE SUBSTITUTED 
LITHIUM-OXO-METALLATES 


Seebeck 


coefficient 
(uV/deg-**) 
4-216 , - 

LiFe. 4-137 + 295 (186°C) 
4-166 - 
4-144 2 “J - 
4/184 3: 
4-150 59-6 (262°C) 
75-1 (265°C) 
4211 — 
Li,Feo.,; ;O, 4-192 

4-184 — 274 (273°C) 
Li, Nip.s Nbo. 4-184 35 (250°C) 
4-214 +75 (188°C) 
4213 
Li,Mng.; Tao. 4212 12-5 -- 

Li, Fe 4-192 - 
Li,Nig.;Tao.5O, 4-184 61-5 (285°C) 
4-214 - 
a, = 13-90 
Co 6:19 


Resistivity Dielectric 
constant 


Composition ay (A) 


* The mean temperature for the measurement is given in parentheses. 


In general, the compounds were prepared by stoicheiometric interaction of the corresponding 
oxide components either in air, when all metals were in their maximum valence state, or under purified 
argon, if lower valent oxides were used. It was possible to substitute ions as large as Zn** and still 
retain the cubic structure for the Li,Meo.;Me’s.;0; type; however, LiZno.;Tip.;0, was not cubic 
This compound was indexed on the basis of a tetragonal structure 

The compounds with oxygen ratios marked x were of particular interest with regard to stoichio- 
metry because of a possible oxygen-deficient structure. If the nickel in Li,Niy.;Nbo.;O, were bivalent 
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the formula would be Li,Nio.s;Nby.;O,.,;, whereas tervalent nickel would result in the full co-ordina- 
tion of Li,Niy.s,Nby.,0,. To distinguish between these possibilities, magnetic susceptibility measure- 
ments were carried out by Dr. R. B. HANp of this Laboratory for Li,Ni,.,Tay.,O,and Li,Niy.;Nbp.,O,. 
A susceptibility of 3-56 Bohr magnetons was found for the first, and 3-34 for the latter compound, 
which may be compared to the theoretical moments of 3-88 for Ni** and 2-83 for Ni**. It appears 
therefore that in these compounds the nickel exhibits an intermediate valence State. This conclusion 
is further supported by the fact that a distinct phase width for the parameters can be detected as a 
function of the oxygen content, as shown by the following values: 


Li,Tay.;Ni,.,O, prepared in air; a, — 4-1844 A 
Li, Tao.;Niy.,O, prepared in argon; a, = 4-1884A 


With the exception of LiFe,.,Ti,.,O, and Li,Cu, sNbpo.sO..,5 the conducting oxides are p-type 
semiconductors. 


Experimental Station 

EJ. du Pont de Nemours & Co , Inc 

Wilmington, Delaware 


Preparation of long-lived terbium-157 and terbium-158*+ 
(Received 12 July 1960) 


PREVIOUS investigations of the unstable terbium isotopes having mass 157 and 158 have revealed that 
the mass-157 nuclide has a half-life of less than 10 min or greater than 25 years" while a 111 keV 
magnetic octupole transition has been attributed to the de-excitation of an isomeric State of the odd- 
odd 158 nuclide.” Nuclear Spectroscopic investigations indicate that the nuclear ground state of 
terbium-157 has spin 3/2 in accordance with the unified nuclear model,'*’ which, in addition, predicts 
even (positive) parity for this ground state. Investigations using paramagnetic resonance and optical 
spectroscopy have revealed that stable gadolinium-157 also has nuclear spin 3/2,"*:”) while odd 
(negative) parity is indicated by the unified nuclear mode! The ground state of terbium-158 may be 
described by assigning the odd proton to the 3/2+ orbital indicated for terbium-157 and the odd 
neutron to the 3/2> orbital for gadolinium-157. The two states with spins and parities 0- and 3- that 
arise from these orbitals satisfactorily account for the isomerism observed. On this basis the i-decays 
of both the terbium-157 and terbium-158 ground states to low-lying states of the respective product 
nuclei are expected to be at least first-forbidden Additionally, low energies are expected for these 
decay processes, since both terbium nuclides lie close to stability; thus it appears reasonable that 
these isotopes have long lifetimes and have previously remained unobserved 

In the continuation of a programme to identify and study long-lived isotopes in the rare earth 
region,'"’ a 5 mg sample of dysprosium oxide enriched to 13-8 per cent in the mass-156 isotope has 
been irradiated with neutrons in the Materials Testing Reactor. The sample, contained in a quartz 
ampoule, received an exposure of 2 x 10" neutrons/cm? over a 3 month interval. Four months after 
irradiation, mass analysis of the unseparated sample was made by using a 30 cm radius solid-sample 


* Work done under the auspices of the U.S. Atomic Energy Commission 
t A portion of this work is taken from a thesis submitted by J. L. Power to Princeton University in 
partial fulfilment of the requirements for the Ph.D Degree 
’T. H. HANDLEY and W. § Lyon, Phys. Rev 99, 1415 (1955). 
* C. L. HAMMerR and M. G STEWART, Phys. Rev. 106, 1001 (1957). 
' N.B. Gove, L. T. Dittman. R. W Henry and R. A. Becker, Bull. Amer Phys. Soc. Ser. 11,2, 341 (1957). 
W. Minevicn, B. Harmatz and 7 H. HANDLEY, Phys. Ret 108, 989 (1957) 
S. G. NILsson, Mat.-fvs. Medd Kgl. Danske Videnskab. Selskab 29, No. 16 (1959), 
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mass spectrometer. The presence of mass peaks at 157, 159, 165 and 166, unobservable in the sample 
before irradiation, indicated neutron capture in dysprosium-156, -158 and -164. The sample was next 
chemically fractionated by cation-exchange chromatography to yield pure fractions of the various rare 
earth elements. The holmium, dysprosium and terbium fractions were identified by scintillation 
spectroscopy, which revealed the presence of holmium-166, dysprosium-159 and terbium-160. 
Mass-spectrometric investigation of the terbium fraction revealed the existence of mass peaks at 157, 
158, 159 and 160, indicating the preparation of new long-lived isotopes terbium-157 and -158 in 
addition to the stable terbium-159 and 76-day terbium-160. The relatively high abundance of terbium- 
158 produced by the neutron capture of terbium-157 points to a high cross-section for this process 

A lower limit for the K-capture half-life of both terbium-157 and terbium-158 may be set by 
observing that the isotopic ratios of terbium-157 and -158 to terbium-160 are approximately 160 and 
70, respectively, and also that the K X-ray and +-ray spectrum of the terbium fraction is predominantly 
that of 76-day terbium-160. Assuming that the K radiation due to K-capture of terbium-157 and 
terbium-158 is less than the K radiation accompanying the decay of terbium-160 (primarily due to the 
high K conversion of the 84-kV transition in gadolinium-160), we conclude the K-capture half-lives 
of these isotopes are greater than 30 years and 15 years respectively. These isotopes will be further 
examined to search for evidence of electron-capture processes and to determine pertinent neutron 


cross-sections 
Itisa pleasure to acknowledge the cooperation of the staff of the Materials Testing Reactor in 
carrying out the irradiation. 


R. A. NAUMANN* 
Lawrence Radiation Laboratory M. C. MICHEL 
University of California 
Berkeley, California 


Frick Chemistry Laboratory & Palmer Physical Laboratory J. L. Power 
Princeton University 
Princeton, New Jersey 


* Procter and Gamble Faculty Fellow, Princeton University, Princeton, N.J 
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The composition of ““OPPA”’ 


(Received 27 July 1960) 


IN a number of recently published papers concerning “OPPA” (e.g.''.*), use is made of a reaction 
formulated as 


P,O, + 2ROH R—O—P—O—P—O—R (OPPA. if R n-octyl) 


as published by Lone er ail.’ Calculations are made involving the complexes between “OPPA” 
(regarded as a single compound) and uranium. 

However, it is known from the work of CHerBuLiEz"’ that, the phosphorus pentoxide molecule 
being a P,O,, tetrahedron with 6 P—O—P bonds. incomplete alcoholysis must yield a mixture of 
alkyl ortho-, pyro- and meta-phosphates. 

In this laboratory, a comparison was made of uranium extraction from phosphoric acid by “OPPA” 
and by pure dioctyl pyrophosphoric acid as obtained by the synthesis starting from POC],.*) “OPPA” 
was found more effective by two orders of magnitude. 


| 
| 
| 


Fu Paper ct romatography of “OPPA 


D. Groenic and B. Korpar, J. /norg. Nucl. Chem. 12, 149 (1959) 


F. Hapasni. J. Inorg. Nucl. Chem. 13, 125 (1960) 
R.S. Lone. D. A. Eris and R. H. Baites, Proceedings of the International Conference on the Peaceful Uses 
f Atomic Energy, Geneva, 1955, Vol. 8, pp. 77-80. United Nations (19%¢ 
E. CHersuciez and H. Wenicer. He Chim. Acta 28, 1584 (1945 
Z, PELCHOVICZ, private Communication (1959) 4. R. and kers, “Studies on Phosphorvla- 


tion’, a series in J. Chem. Soc. 1947-1955 
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That “OPPA” is a mixture was proved by paper chromatography: 

A drop of “OPPA” solution in kerosene, containing 30-50 «xg P, was submitted to ascending 
alkaline chromatography, the solvent being n-propanol 40°%; isobutanol 15°%%: water 40°: 
ammonium hydroxide 5° (w/w). Optimum separation was obtained after 16 hr and at 10°C. The 
chromatogram was then sprayed with a perchloric-molybdic acid reagent and made visible by 
reduction with H,S. 

This chromatographic procedure yielded seven spots, indicating a mixture of seven components. 
(Fig. 1). 

These results were further corroborated by analysis for P—O—P bonds by titration. This showed 
that only part of the phosphorus participates in these bonds. 

Also, the infra-red spectrum of “OPPA” as compared to the spectrum of the pure dioctylpyro- 
phosphoric acid showed wider bands, while the OH band was missing. 

Work is now being done on the identification of the components of “OPPA”. 


Acknowledgement—The author thanks Dr. Y. Marcus for helpful discussion of this letter. 


Israel Atomic Energy Commission M. ZANGEN 
Rehovoth 
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IMPORTANCE ET ROLE DU RADICAL NH, DANS 
LA DECOMPOSITION DE L’HYDROXYLAMINE PAR LES 
RAYONNEMENTS IONISANTS EN SOLUTION AQUEUSE 


M. LerorT et X. TARRAGO 
Service de Radiochimie Laboratoire de Physique Nucléaire de la 


Faculté des Sciences de Paris 4 Orsay 
(Received 25 January 1960: in revised form 2\| March 1960) 


Abstract—In the course of a general study of the physico-chemical effects of radiation on different 
compounds ol nitrogen in iqucous solution, we were interested cularly in the behaviour of 
hydroxylamine and in the properties of the radical NH,, the existence of which appears to be well 
established. It was poss ble to determine exactly the stages of the ati reduction mechanisms 
from hydroxylamine to ammonia (reduction of NH,OH) and fro lroxylamine to nitrogen and 
various oxides (oxidation of NH,OH) by deeper study of the ef! hation on 
aqueous solutions. One of us has published these results in entiret where ut is interesting 
to note here that this study provides a means « ait ¢ i n i tain chemical 
processes and, in particular, of obtaining c ymmpletely orgini ! ition about the effect of the 
radical NH, on the dissociation of NH, NH Hi 

In addition we have calculated the complete kinetics of the decomposition of hydroxylamine 


under radiation 


Résumé—Au cours d'une étude générale sur le phy cl U ‘ rayonnements sur 


différents c Mposes de | azote et iut nh aqgu I iS } particulierement in- 


téresseés au comportement de [hydroxylamine propric cal dont existence 


ction 


des rayonnement 
ont cte exposes | 
fournit un moyen d’élu 
des renseignements enti¢rement originaux sur la i j idica r la dissociation de 
NH,* =* NH H 


On a en outre calculé la cinétique compléte de | scomposit de hydroxylamine sous 


rayonnement 


Rappel de quelques proprietes caracteristiques de ‘hydroxylamine 

L’hydroxylamine résulte de la substitution d'un atome H de l'ammoniac par un 
radical oxhydrile. Cette substitution diminue le caractére basique du produit obtenu. 
Au point de vue oxydo-réduction, l’'atome d’azote dans hydroxylamine correspond a 
un état intermédiaire entre hydrazine et l’'azote moléculaire. Comme l’ammoniaque, 
"hydroxylamine donne des produits d’addition ou de coordination et des dérivés de 
substitution. 

La molécule d’hydroxylamine n’est pas plane. Le radical oxhydrile se trouve dans 
le plan bissecteur des deux atomes H. Les longueurs de liaisons NH sont tres voisines 
de celles dans NH,. Dans hydroxylamonium NH,OH~, l'azote porte la charge 
positive. Il est 4 un sommet d'un tétrahédre dont les autres sommets sont les atomes 


X. TARRAGO, Ann. Chim. (Sér. A) 3367 (1960) 
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d’hydrogéne. Le radical oxhydrile se trouve dans la direction opposée a ce tétrahédre. 

Mais la caractéristique essentielle de hydroxylamine et de ses sels en solution 
aqueuse provient de leur possibilité de jouer un rdéle tant6t oxydant tantét réducteur, 
en raison méme de la transformation en composés plus réduits (NH,OH ou N,H,) ou 
plus oxydés (N,, N,O et oxydes d’azotes). La vitesse et le terme de l’oxydation sont 
d’ailleurs fonction de la concentration en NH,OH. Ainsi par exemple nous avons 
constaté que dans une solution 5 x 10°° M en sulfate d’*hydroxylamine (pH = 4-4), 
action de l’eau oxygénée est lente et conduit en parties égales a l’azote et oxyde 
azoteux, alors que pour une concentration plus élevée, divers auteurs ont indiqué qu’il 
se forme de l’acide nitrique et qu’a 40°C la transformation en milieu acide est quanti- 
tative.) 

Les potentiels d’oxydo-réduction* de hydroxylamine par rapport aux autres 
composés de l’azote ont été calculé.®-*) Par rapport a l’azote, l'ammoniaque et N,O,H,: 


N, + 2H,O + 4H* + 2e <= 2NH,OH* E, 1-87 V 
NH,OH* + 2H+ + 2e- == H,O+NH,* & = +1:35V 
N,O,H, + 6H* + 4e><* 2NH,OH* E, = +0-496 V 


L*hydroxylamine libre est caractérisée également par son instabilité. Sa décom- 
position est favorisée en milieu alcalin et par une élévation de température. Elle corre- 
spond a une dismutation dont |’équation globale s’écrit en milieu neutre ou alcalin: 


3NH,OH NH, + 3H,O + 3 x 57 kcal 


>N, 


En milieu acide on est conduit au résultat suivant: 


4NH,OH -+ N,O + ,NH, + 3H,O + 4 x 45-2 kcal 


Les sels sont cependant plus stables que la base libre. Le mécanisme de ces décom- 
positions n’est pas élucidé mais il est trés probable que le radical NH, est un inter- 
médiaire important. 
Les solutions aqueuses d’ hydroxylamine sont légérement conductrices de l’électricité. 
On écrit habituellement par analogie avec NH,*. 
NH,OH + H,O NH,(OH), kcal 


NH,(OH), = NH,OH* + OH k = 66 x 10° 


ce qui conduit 4 adopter‘) une énergie libre de formation AF 13-54 kcal pour 
lion hydroxylamonium NH,OH*. Cet ion peut donc étre considéré comme un acide 
faible de pK, = 6. 

L’énergie libre de formation de "hydroxylamine en solution aqueuse est faible: 
AF* = 5-60 kcal, ce qui rend compte de son instabilité et de la facilité avec laquelle 
elle se transforme en ammoniaque. Par ailleurs cela rend possible de nombreuses 
réactions comme nous le verrons ultérieurement. 

Nous avons travaillé avec des solutions aqueuses de sulfate d’hydroxylamine. Pour 
une concentration de 5 x 10-* M on obtient un pH compris entre 4:3 et 4-4. En 
raison du pK de 6, on peut calculer que 99-5 per cent de I"hydroxylamine est a ce 


* Convention de signe: potentiels croissants vers les milieux plus oxydants. 


*) Barrett, Proc. Chem. Soc. 26, 233 (1910). 
* G. Cuarort, D. Bezier et J. Courtot, Potentiels d’Oxydo-réduction. Pergamon Press, London (1958). 
‘*) W. M. Latimer, Oxidation Potentials. Prentice-Hall, New York (1952). 


Vol. 
16 
1960/61 


; 
i 
be 
| 
4 


Importance et role du radical NH, dans la décomposition de hydroxylamine 171 


pH entiérement sous forme ionique NH,OH~. On a également fait une partie de cette 
etude 4 pH 6 par addition de soude aux solutions aqueuses de sulfate d’hydroxyl- 
amine. Ces solutions sont tamponnées a ce pH par "hydroxylamine elle-méme 
puisque son pA est de six. 


2. Caracteristiques de l’'action du rayonnement sur les solutions dhydroxylamine 


Radicaux libres. 


Le mécanisme de l'action des rayonnements gamma sur l'eau est assez bien connu* 
et peut étre schématisé briévement en trois clapes 
(1) cession d’énergie aux molécules d’eau sous forme d’ior isations et d’excitations 
localisées le long des trayectoires 


+ 


(2) transformation des ions positifs en radicaux libres oxhydriles et des électrons 
en atomes d’hydrogéne et peut-étre en hydrogéne moléculaire 
(3) diffusion et réactions de ces especes radicalaires. Au début de cette diffusion. 
la concentration en radicaux est assez grande pour que les réactions entre eux 
produisent de l'eau oxygenee et de lhydrogéne moléculaire, la competition 
avec les reactions sur les corps dissous étant négligeab 
Du point de vue des réactions chimiques et particuli¢rement des réactions d'oxydo- 
reduction susceptibles d’étre ainsi produites sur un corps dissous, seule la derniére 
elape nous preoccupe ici. On a lhabitude de lexprimer quantitativement en indi- 
quant le nombre de chacunes des especes produites par unité d’énergie absorbée dans 
‘eau. Le rendement correspond donc au nombre de radicaux OH. H ou de moléc ules 
H, et H,O, formés pour 100 e\ d’énergie absorbée et se note G 
On peut écrire 
2Gu Gy 2Gy 
La valeur du rendement effectif de radiolyse de l'eau en milieu neutre a été déterminée 
et se trouve voisine de 3-6. On verra d’ailleurs pilus loin comment les solutions d’hy- 
droxylamine nous ont permis de confirmer cette détermination 
Il nous faut maintenant envisager les réactions susceptibles d’étre initiées sur 
hydroxylamine par les radicaux oxhydriles, "hydrogéne atomique et l'eau oxygénée, 
puis traiter leur cinétique pour rendre compte des résultats observés. Les résultats 
experimentaux ont été exposes en détail par l'un de nous‘ et nous ne reviendrons pas 
sur leur descripiton complete. On donnera en appendice des indications sur l’analyse 
quantitative des principaux produits. Ils correspondent schematiquement 4a la 
dismutation de I"hydroxylamine en ammoniaque d'une part, azote et protoxyde d'azote 
de l'autre. La production de N,O est négligeable a pH 6 et devient relativement impor- 
tante a pH 4. En solutions plus acides (pH 2), le rendement de rédugtidn del’hydroxyl- 
amine est environ dix fois plus faible qu’a pH 6 et celui de formation d’ammoniaque 
est enticrement annulée. La courbe de variation de G xu3) €n fonction du pH est 
indiqueé sur la Figure 1. On peut voir les points experimentaux obtenus soit par la 
mesure de rendement initiaux a divers pH donnés, soit par la mesure du rendemént 
4 une dose donnée qui correspond 4 un pH instantané mesuré. Ces derniéres mesures 
sont extraites de courbes analogues 4 celles de la Figure 2. La précision a été déter- 
minée par la méthode d’erreur quadratique moyenne sur un grand nombre de valeurs. 


* On trouvera une mise au point toute récente sur cette question a la fin de l'ouvrage “Les radiations 
nucleaires 


M 


Lerort, Les Radiations Nucléaires. P.U.F., Paris (1959) 
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D’autre part, lorsqu’on porte la destruction d’hydroxylamine et la formation 
d’azote et de NH; pour une solution de pH initial 4-4, en fonction de la dose de 
rayonnement absorbée, on observe une incurvation prononceée vers l’axe des abscisses. 
Les rendements baissent donc trés repidement comme on peut le voir sur la Figure 2. 

Ce phénoméne est concommitant 4 une baisse de pH. La transformation d’hy- 
droxylamine en azote fait que les ions H SO,~ du sulfate ne sont plus neutralisés par 
"hydroxylamine et la formation d’ammoniaque n’est pas suffisante pour compenser 


Dose en 


pH 


Fic. 1.—Irradiation aux rayons gamma de NH,OH 5 x 10-* M. Rendement de la formation 
de NH,* en fonction du pH (+). La ligne en pointillés indique la variation du pH au cours de 
irradiation en fonction de la dose absorbée (abscisses de droite). 


cet effet. Comme le rendement de radio-décomposition devient trés rapidement faible 
lorsque le pH passe de 4-4 4 3, on est tenté d’expliquer par cet effet de pH l’incurva- 
tion des courbes. 

Nous verrons plus loin que par un traitement cinétique quantitatif on peut rendre 
effectivement compte enti¢rement de la baisse de rendement par I’influence des ions H* 
sur le radical NH. 


3. Mecanisme et étapes de reactions 


Le grand rendement de décomposition de NH,OH* a pH 4 a 6 et la formation 
simultanée d’ammoniaque et d’azote conduisent 4 penser que NH,OH* est attaquée 4 
la fois par les atomes H et par les radicaux OH. Nous avons fait Il"hypothése que la 
tendance pour OH était d’arracher un atome H et pour H un radical OH, de fagon 4 
reformer dans les deux cas une molécule d’eau avec une exothermicité importante. 


NH,OH* + OH - NH,OH* + H,O (1) 
NH,OH* + H - NH,OH* — H,O + NH,* (2) 
NH,OH* + OH- - NH,OH + H,O (2 bis) 


Ces deux réactions conduisent aux radicaux N HOH(NH,OH*) et NH,(NH,*) 
dont nous devons examiner I’éventualité de la formation. 
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Dose en IO eV/cm 


(b) 


Irradiation d’hydroxylamine 5-5 10°* M dans l'eau a pH 4-4 
lamine détruite mesure de l'ammoniaque NH, (b) Forn 


tion de N,O 


a) mesure de I‘hy- 
n d’azote Forma 


(a) La variation d’énergie libre de la réaction (1) semble favorable. On a en effet 
avec les données récentes:"* 


AF(1) = AF(NHOH) + AF(H,O) — AF(NH,OH) — AF(OH) 


x 51-6 kcal 


Il faudrait que x AF(N HOH) soit supérieur a 


51-6 kcal pour que la réaction 
soit thermodynamiquement impossible. 


Le radical N HOH * dont on suppose la formation par la réaction (1) conduit assez 


* Nous remercions M. Haisstnsky qui nous a suggére d’ecrire l'intermé 


jiaire MOnoazoto sous cette 
forme 
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rapidement a l’azote moléculaire par dimérisation. Cependant le passage par un 
intermédiaire monoazoté semble indispensable. La structure exacte de ce composé est 
difficile 4 définir. Asev® |’a introduit sous la forme N HOH dans un article relatif a 
l’‘autodécomposition de l’hydroxylamine. La dimérisation pourrait s’écrire aprés 
neutralisation de NH,OH~: 


N HOH + N HOH -+ [N,H,(OH),] — N, + 2H,O (3) 


Comme seconde possibilité de réaction de N HOH on pourrait envisager son action 
sur l’hydroxylamine. Elle consisterait 4 enlever OH 4 NH,OH. 


N HOH + NH,OH — NH, + NOH + H,O (3 bis) 


Elle n'est cependant guére envisageable car probablement endothermique puisqu’ 
aussi bien NH, que NOH sont des radicaux instables. De plus on n’observe expéri- 
mentalement pas de N,O produit de la dimérisation de NOH, a pH 6 et la réaction 4 
bis conduirait 4 une chaine de destruction de hydroxylamine puisque NH, pourrait 
réagir selon (4). Une telle chaine n’a pas été observee. 


TABLEAU 


—G(NH,OH*)| G(NH,*) GON.) 


GO(N,O) Bilan en N GCH,O,) 


pH 6 79 +02 27 0-05 2-7 0-03 01 81 01 04+01 0-42 0-02 
pH 44 71+01 23 0-05 20 040 + 0-05 71 02 0 042 0-02 
pH 20 0-80 + 0-05 =0-05 0-30 + 003 010 + 003 08 + O12 0 

pH o's 0-80 — 0-05 0 0-30 003 010 + 003 08 0-12 0 047 + 002 


(b) Le radical NH, est connu en spectroscopie;"” on l’a obtenu par irradiation 
ultraviolette de l’ammoniac et sa chaleur de formation a été calculée (AH; = 41 
kcal/mol) par Szwarc®’. On a déterminé par impact électronique les valeurs 
de liaisons NH,* — H (119 kcal) et NH, — H* (172 kcal). 

On peut calculer l’exothermicité des réactions (2) et (2bis) a partir de la valeur AH 
de NH, et en prenant 10 kcal pour AH(OH) 


AH(2) = AH(NH,) + AH(H,O) — AH(OH) 
= +41 — 68:3 — 10 + 30 = —7 kcal. 


AH(NH,OH*) 


Cette réaction est donc exothermique. 
Des considérations de structure et d’influence du pH nous ont amené a considérer le 
passage par le complexe NH,OH* qui se décompose selon (2) ou (2 bis) d’aprés 
lacidité du milieu. 

En phase aqueuse on dispose de peu de renseignements mais il semble probable que 
le radical NH, puisse facilement enlever un atome d’hydrogéne a "hydroxylamine. 


NH,OH* + NH, -> NH, + NH,OH* —+ NH,* + N HOH (4) 


la transformation d’hydroxylamine en ammoniaque libérant beaucoup d’énergie 
= 1-35 V). 

Par les réactions (1) (2) (3) et (4), on est donc amene a la transformation de I’hyd- 
roxylamine en ammoniaque et azote. 
E. Apet, Monatsch. 84, 527 (1953). 
') G. HerzperG, D. A. Ramsay. Disc. Faraday Soc. 14, 11 (1953). 


'8) M. Szwarc, Quart. Rev. 5, 42 (1951). 
'? F. H. Frecp, J. L. FRaNKuin, Electron Impact Phenomena p. 349. Academic Press, New York (1957). 
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(c) Outre les radicaux oxhydriles et I’ hydrogéne atomique, le rayonnement produit 


de l'eau oxygénée. Des experiences preliminaires nous avaient montré gue H,O, 
diluée ne réagit pratiquement pas sur les solutions 5 lO’ M @hydroxylamine. Pour 
disparaitre, l'eau oxygénée produite par la radiolyse de l’eau doit donc réagir sur un 


intermediaire de la destruction de "hydroxylamine. On peut envisager soit NH, soit 


N HOH. Des experiences complémentaires au cours desquelles on a irradie des 


mélanges d'eau oxygenee et d’hydroxylamine ont montré que les deux processus ont 
lieu, mais que le plus important et le plus rapide est celui de la réaction avec N HOH. 
NH, ayant déja tendance a disparaitre par réaction sur |'} ydroxylamine. Cette action 
de H,O, sur N HOH explique le formation de l’acide hypoazoteux N,O,H, a la facon 
du mécanisme de Fenton sur les ions ferreux: 


NH,OH* + H,O,-» NOH + OH © H,O (5) 


On peut évaluer AF (5) en appelant x et y les energies libres de formation de NH ,OH* 
et NOH. 


AF(5) = AF(NOH) + AF(H,O) + AF(OH) — AF(NH,OH*) — AF(H,O,) 


8-5 


31-5 


16-7 kcal. 


Si l'on admet que l’energie libre de formation d’une structure moléculaire augmente 


avec linstabilité on peut penser que AF(NH »OH’) \F(NOH) vy, NOH 
étant plus stable que NH,OH*. Comme y x 0, on voit donc que 

F(5) — 16:7 kcal 
c'est a dire que la réaction (5) a lieu avec une variation d’é snergie libre negative et se 


trouve possible thermody namiquement. 


Le radical OH ainsi formé attaque une nouvelle molécule d’ hydroxylamine 
cependant que NOH, monomére connu de I’acide hypoazoteux peut réagir selon 
deux réactions dont I’ importance relative dépend du pH 


NOH + NOH = N,0,H, N,O H,O (6) 
NOH 


NH,OH N, 2H,O (7) 


La réaction (7) est assez lente en milieu acide ov la dimérisation (6) est favorisée 
comme lindique l’observation de N,O dans les produits de décomposition de l’hydro- 
xylamine. 


Le systéme de ces Sept reactions permet de rend: ympte des effets observés 
qui consistent essentiellement au grand rendement de d composition d’hydroxyl- 
amine attaquée a la fois par OH, H et NH,, a la formation comme produits princi- 
paux de NH,°* et d’azote par la réaction (4) et enfin a la production moins consé- 


quente de N,O. II faut de plus ajouter la réaction de recombinaison (8) 


H,O + NH,* + N HOH -» NH,OH* + NH,OH (8) 


pour expliquer les faibles rendements, en milieu acide. 

On a obtenu une confirmation de cette réaction en ajoutant de l'eau oxygenee qui 
réagit selon (5) avec N HOH. On rétablit alors un grand rendement en production 
d’azote car (8) est ainsi supprimée. 


a 
i 
a — x. 
yl. 
a 
4 
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4. Interpretation quantitative des resultats aux differents pH 


A partir des huit équations étudiées précédemment on a établi une cinétique 
permettant de calculer les rendements primaires de formation de radicaux OH, atomes 
H et eau oxygénée. On a habituellement recours en cinétique classique pour ce genre 
d’étude a la régle dite de “l'état stationnaire” qui consiste a écrire que la vitesse de 
formation de tous les intermédiaires instables est nulle. Cette régle n’est pas applicable 
strictement lorsque les intermédiaires sont produits par les rayons ionisants. En effet 
leur distribution n’est pas uniforme car leur formation succéde a l’ionisation le long des 
rayons delta des trajectoires ionisantes. Cependant SCHWARZ et ALLEN ont précisé 
une méthode équivalente a celle de |’état stationnaire mais qui n’implique pas une 
concentration uniforme. On considére non plus la concentration des intermédiaires 
mais /eur nombre. 

Supposons un intermédiaire X pouvant réagir selon une réaction (a) 


A + X— AX (a) 
ou (b) B + X — BX (b) 


La probabilité de réagir selon (a) est p, et selon (b) pp. On peut écrire: 
k (X)(A 
Pa = Kal) (A) ou k sont les constantes de vitesse. 
Po (B) 


Pa + Py = 1 Si les réactions (a) et (b) sont les deux seuls possibilites de disparition de 


X. On a donc 
k(A) 
k (A) + ky(B) 1960/61 


Ceci représente aussi la fraction des intermédiaires X qui disparaissent selon (a). Le 
nombre d’intermédiaire X formé par unité d’énergie absorbée (par exemple par 100 eV) 
est défini Gx. Si on représente par G,,) le nombre de fois ou la réaction (a) a lieu par 
unité de dose et de volume, on a: > ee 
k,(A) 

k(A) + ky(B) 


Reprenons maintenant les huit équations et examinons pour chaque valeur de pH a 
laquelle les expériences ont été faites 4 quelle cinétique nous sommes conduits: 


(1) NH,OH* + OH NH,OH* + H,O N HOH + H,O 
(2) NH,OH* + H — NH,OH* NH,* + H,O 
(2 bis) NH,OH* + OH- NH,OH + H,O 
(3) N HOH + N HOH -> N,H,(OH), —> N, + 2H,O 
| (4) NH,OH* + NH, > NH,* + N HOH 
(5) NH,OH*+ + H,O, NOH + H,O* + OH 
; (6) NOH + NOH=N,0,H, -> N,O + H,O 
(7) NOH + NH,OH* — N, + H,O* + H,O 
(8) H,O + NH,* + N HOH - NH,OH* + NH,OH 


"0 H. A. ScHwarz et A. O. ALLEN, J. Amer. Chem. Soc. 77, 1324 (1955). 


Gia) = Gx 
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(A) pH 6-7 ou le rendement est maximum il n’y a formation de N,O qu’a l'état de 
traces. On sait par ailleurs que la réaction (6) n’a lieu qu’en milieu acide et on la 
négligera. G(6) = 0. 

Le rendement en ammoniaque est maximum. Le partage de NH,OH* entre (4) et 
(8) est donc enti¢rement déplacé vers (4). On suppose donc que NH,* est en concen- 
tration trés faible. 

On observe la présence d’eau oxygénée dans les solutions irradiées de sorte qu'il 
faut supposer que la réaction (5) est lente et que seulement une partie de l’eau oxygénée 
produite par le rayonnement a réagi. Cela peut provenir d'une dissociation rapide a 
ce pH de NH,OH* forme en (1), si bien que NHOH réagit selon (3). Avec la méthode 
définie précédemment on peut écrire une série d’équations. 


G(NH,) = G(2) — G(4) = 0 
Gy — G(NH,*) = 0 G(NH,*) est mesuré = 2-7 
G(N HOH) G(1) + G(4) 2G(3) G(5) = 0 
G(N,) = valeur mesurée de 2:7 = G(3) + G(7) = G(3) + G(5) 
puisque G(NOH) = 0 G(3) = 2:7 — G(5) 


G(1) = 5-4 — G(S) — 2:7 ‘7 — G5) 
D’autre part on a 
Goy = GUI) 


et le rendement primaire en eau oxygénée Gy 4 = G(5) + G(H,O,); G(H,O,) est la 


valeur mesurée de 0-4. 
On obtient ainsi a partir des valeurs mesurées des rendements initiaux du Tableau | 
a pH 6 
Gow + 2Gy,0, = 3:5 = G(—H,0). 


Comme on a mesure par ailleurs le rendement en hydrogéne G(H,) = Gy, = 0°42, et 
que Gy + 2Gy, = Gow + 2Gy,o, = 3-5 on en déduit Gy = 2:7. 

On retrouve la valeur directement mesurée par le rendement en ammoniaque. 

Le rendement de décomposition de hydroxylamine s’écrit: 


G(—NH,OH) = + Gon + 2Gy,, — 2G(H,0,) = 8-1. 


Les valeurs trouvées pour les rendements primaires sont en accord avec les déter- 
minations les plus récentes obtenues avec d'autres systémes."") En utilisant ces 
valeurs Gow, Gy et Gyo, et les appliquant a notre schéma on trouverait donc par le 
calcul les rendements G(NH;,), G(N,) et G(— NH,OH) que nous avons mesuré expéri- 
mentalement. Ceci nous semble étre une indication en faveur du mécanisme suppose. 

(B) pH 4-4. On remarquera qu’a plus faible pH, N,O apparait aux dépens de l'eau 
oxygénée et que le rendement en NH,* diminue de 2-7 4 2-3. Ces deux observations 
s’expliquent par l’intermédiaire des réactions (6) et (8). Il faut admettre en outre que la 
dissociation de NH,OH* est plus lente qu’a pH 6, et que la réaction (5) a lieu aux 
dépens de (3). 


"™) A. O. ALLEN et H. A. SCHWARZ, Proceedings of the Second International Conference on the Peaceful Uses 
of Atomic Energy, Geneva, 1958, Vol. 29, p. 30. United Nations (1958) 
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Comme precedemment on peut écrire un systéme d’équations qui, grace aux mes- 
ures experimentales portées dans le Tableau 1, conduit a déterminet 


Gy Gy 0-75. 


On peut egalement exprimer G(8) 0-4, G(1) 2°85 G(4) 2:3 G(3) 2-0 G(5) 
I 


0-75 et G(7)=0 

On se rend compte par exemple que les radicaux NH, sont partagés selon le rapport 
2-3/0-4 entre les réactions (4) et (8) c'est a dire reagissent dans ce méme rapport sous 
les formes NH, et NH, 

(C) Milieu acide. Au fur et a mesure que le pH baisse, G(8) augmente aux dépens 
de G(4). Il en résulte une chute des rendements d’ammoniaque G(NH,*) = G(4) et de 
destruction d hydroxylamine G(-- NH,OH) G(1) G(2) G(4) 2G(8). Lors- 
que la réaction (8) est totale, c’est a dire lorsque NH, est entiérement sous la forme 


NH,*, on obtient le mécanisme simplifie. * 


NH,OH OH N HOH H,O (1) 
NH,OH H NH, (2) 
H,O + NH, N HOH NH,OH NH,OH (8) 
NH, + H,O,-» N HOH © H,O (9) 
N HOH ~ H,O,N -+ OH OH (5) 


>. Dissociation de NH,OH~, effet du PH et cinetique de la formation de NH, 


L’annulation du rendement en ammoniaque en solution acide est expliquée 


ssentiellement par la competition entre les réactions (4) et (8) et cette competition 
depend essentiellement de la forme sous laquelle se trouve le radical NH,. On peut 
penser en effet que sous sa forme lonique NH,°, il ne peut réagir avec NH,OH*, en 


raison de la répulsion electrostatique des deux ions positifs. Comme la réaction (4) 

luit 4 NH,*, on a vu que l'on pouvait calculer G(4) et G(8) et determiner ainsi le 
rapport G(4)/G(8) a divers pH. La courbe du rendement d’ammoniaque en fonction 
du pH a donc un pomt d’inflexion lorsque G(4) G(S). Ce point est voisin du pH 
3.65 

En considérant que la variation des rendements initiaux en fonction du pH ne 
depend que le la compétition entre les réactions (4) et (8), nous pouvons expliquer 
quantitativement les résultats experimentaux obtenus 

Le rendement de la réaction (2) conduit aux radicaux NH, et NH,° de sorte qu’on 
peut ecrire 

G(2) Gy 


G(NH,OH*) = G(NH, + NH,*) 


Comme tous les radicaux NH, conduisent a l‘ammoniaque par la réaction (4), on 
peut ecrire également 
G(NH3) = G(NH,) 


On a défini G comme étant le rendement. cest-a-dire la vitesse de formation pour un 
ad 

debit de dose par seconde donné D, G 

D dt. 


* Note: on trouvera une discussion plus detaillée de cet aspect dans la thése de Tarraco" 
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On peut donc écrire encore: 


d(NH,) dNH,) 


G(NH, 
— © 
NH, 
ae étant la vitesse de formation du radical NH, 
d(NH,) d(NH,°*) 
De méme Gy = (Il) 


Ddt Dadt 


Examinons maintenant comment varie avec le pH la répartition entre NH, et NH," 
réagissant. 

L’éxpérience nous a montré que cette répartition n’était pas modifi¢e par une 
variation de concentration en hydroxylamine et donc par la vitesse de la réaction (4). 
En effet, la production d’ammoniaque, entiérement due a cette réaction (4), n'est pas 
affectée lorsqu’on double ou triple (NH,OH*) a un pH fixe. On ne peut donc pas 
envisager une simple dissociation reversible de lion radical NH,* en NH, et H*, car 
l’‘augmentation de (NH,OH*) entrainerait un déplacement de l’equilibre vers NH). 
On doit admettre que les proportions de NH,* et de NH,(ou NH,OH) sont établies de 
facon irréversible et dépendent du pH au moment de l’action des atomes H sur 
NH,OH*, selon (2). 

Nous avons ainsi été amené a écrire la formation en un premier stade du composé 
NH,OH‘, de structure vraisemblablement voisine de NH,OH, qui se décomposerait 
normalement avec une constante de vitesse k, en NH,* et H,O. Cependant, en milieu 
neutre ou alcalin, la présence d’ions OH™~ entrainerait la décomposition sous la forme 
(2bis). 

NH,OH* + OH~ *:, NH,OH + H,O (2bis) 
et on peut écrire: 
k,(OH>) 


ou encore la 


d(NH,*) ks 


relation 


(NH,OH) 
(NH, k 


La constante K’ correspond au rapport des deux vitesses n'est pas a véritablement 
parler une constante de dissociation puisque la réversibilite NH,OH = (NH,*) 
(OH) provient des deux voies de dissociation de NH,OH* et ne correspond pas a un 
équilibre statique dans la solution. 

A partir des concentrations en NH,* et NH, ainsi deéfinies, les reactions (4) et (8) 
ont lieu trés rapidement mais sans les influencer. Comme ce sont des reactions de 
radicaux libres, on admet que les vitesses de l’équilibre veritable NH,* == NH, + H 
sont trop lentes pour avoir le temps de modifier les vitesses de ces réactions (4) et (8) 
par déplacement d’équilibre. On aura alors sensiblement: G(4)/G(8) = NH,/(NH,;°*) 
et la valeur du pH au point d’inflexion correspondra a la fois 4 G(4) = G(8) et 4 (NH,) 

(NH,*) 

Quoi qu’il en soit nous accédons a une grandeur li¢ée uniquement a la forme ionique 
ou neutre du radical NH, et nous écrirons la rélation(II]) sous la forme: 
log [((NH,)/(NH,*)] = pH — p&’, étant entendu que K’ désigne le rapport des vitesses 
k,'/k, et non une constante d’équilibre. On remarquera de fagon plus générale qu'il 
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parait difficile d’appliquer la notion d’équilibre réversible 4 un systéme de radicaux 
libres €minemment réactifs. On a cependant garde I’habitude en chimie sous rayonne- 
ment decrire ces équilibres (par exemple HO, = O, H*) et la notion de pK 
relative aux constantes de dissociation est conservée par plusieurs auteurs. 


La relation (III) peut s’ecrire sous la forme: 


(NH,) = (NH,;*) exp [(pH — pXK’)/0-434)] et différentiant 


d(NH,) d(NH, } 


| (NH.°*) d(pH) H K’ 
ai al 


exp (! =) + 
0-434 0-434 dt 


(NH,*) est en faible concentration et la variation du pH en fonction du temps est lente, 


de sorte qu'on peut négliger le second terme et simplifier en: 


d(NH.*) d(NH,) 
dt dt 


et l’equation (II) peut s’écrire: 


“Dd Da 


d’ou 


d(NH,) Gy 
Ddt 
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et d’aprés l’equation (1) 


G(NH,) 


En utilisant les constantes déterminées experimentalement ci-dessus Gy, = 2-7 
et pA 3-65 nous pouvons comparer les résultats obtenus experimentalement et ceux 


obtenus en appliquant equation ci-dessus: 


TABLEAU 2 


pH G(UNH,) mesuré G(NH,) calculé 


2:70 


3 2:30 
0-002 


L’équatior 


G 
G(NH,) 
| + exp [(pA pH)/0-43] 
peut secrire 
d(NH,) DG, 
dt | + exp [(pK’ — pH)/0-43] 


L'intégration de cette équation différentielle nous permet de trouver l’expression 
analytique des courbes obtenues expérimentalement a condition de connaitre la 


variation du pH en fonction du temps d@ irradiation. 


| 
0-434 
|g 
pH | 
L 0-43 | 
exp [(pA — pH)/0-43] 
6 27 
4-4 2 
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Le pH varie au cours de l’irradiation car en transformant I"hydroxyl-amine en azote 
nous libérons une quantité correspondante d’acide sulfurique. 

D’autre part, nous transformons une partie de I‘hydroxylamine de pK = 6 en 
ammoniaque de pK = 9-2. Pour les solutions a pH initial égal a 6, il y a en plus de la 
soude qui neutralise une partie de l’acide libéré. Enfin, ces solutions sont tamponnées 
autour du pH 6, par hydroxylamine elle-méme. Le pH variera donc de la valeur 
initiale 6, d’abord lentement, puis plus rapidement jusqu’a une valeur finale ou il ne 
variera que plus lentement. 

Cette valeur finale du pH ne dépendra que de la concentration en acide sulfurique 
libre dont le pK de la deuxiéme acidité est deux. On peut calculer par exemple en se 
servant du graphique de FLoop‘'®?, que cette valeur finale sera voisine de trois. Expéri- 
mentalement, nous avons trouve la variation donnée par la courbe en S de la Figure 1. 

En premiére approximation, et nous verrons qu'elle est suffisante, nous pouvons 
assimiler cette courbe 4 une droite. 

En effet, la Figure 1 montre que les rendements de formation de l’ammoniaque ne 
dépendent du pH de la solution que pour des pH compris entre 2:5 et 4-75. 

D’autre part, les solutions irradié¢es 4 pH initial compris entre 4 et 7 voient leur pH 
diminuer au cours de l’irradiation jusqu’a une valeur limite voisine de 3-3. II suffit 
donc que l’approximation analytique de la variation de pH en fonction du temps 
d’irradiation soit bonne pour les pH compris entre 3-3 et 4-75 ce qui est le cas pour la 
droite d’équation: 

pH, — pH be Dt pour 33 < pH 
40 

Si nous portons cette expression dans léquation différentielle ci-dessus nous 

obtenons: 
d(NHg) 0-43 


t 


dt l+e 3D 


40 « 0-43 


(NH,) DG | 


Jol 


et en intégrant de zéro a f: 


l 
(NH,) DGy ~ 08 


Pour une solution de pH initial pH, = 6, e” = 1/225 donc négligeable devant 1. 
Pour cette solution et pour un débit de dose absorbée de huit, exprimé en 10'* eV 
cm~! hr-!, la concentration d’ammoniaque en 10'* mol cm! aprés un temps d’irradi- 
ation ¢ en heures s’exprime: 


l 
(NH,) = 8Gy — 1-39 log (1 el 39¢ 
comme nous avons trouvé Gy = 2:7: 


(NH3)en 10'* mol/cm? 21-6tneures — log, (1 + 


H. Z. Electrochem. 46, 669 (1940). 
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On voit sur le Tableau 3, que cette fonction est en bon accord avec la courbe experi- 
mentale jusqu’aux énergies absorbées égales 4 environ 40 eV/cm’. 

A partir de ce point, la concentration en hydroxylamine n'est plus suffisante pour 
capter tous les radicaux, ce qui donne lieu 4 un abaissement supplémentaire des 
rendements. 


TABLEAU 3 
t Dt (NHy) cai. | (NH,) mes. 
21-4 22 
2 16 | 42-2 4) 
3 | 24 60:8 59 
4 32 74-4 72 
5 | 40 81-6 80 


A pH initial égal a 4-4, la variation du pH en fonction du temps d’irradiation peut 
€tre représenté approximativement par la fonction: 


pH, — pH = 0-033 Dt avec 3 pH < 44 


Dans les mémes conditions que ci-dessus mais pour une solution de pH initial pH, 


4-4, la quantité d’ammoniaque formée s‘exprime en fonction du temps d’irradia- + 
tion par l'équation: 
l e 
(NH) = DGy (+ + - log ——_ } Vol, 
y “I+e 16 
dans laquelle: 1960/61 
0-75 
D Gy 2:7 y 0-7 et p 1-73 
‘ 0-4342 


d’ou: 
(NHg) 21-614 +- 5-03 30-8 log, (| 


t | (NH) care | (NH,)exp. 

] | 15-8 16 

2 31-6 31 

3 42:2 42 

4 49-2 $0 


La encore on peut voir sur le tableau ci-contre que cette équation est en bon accord 
avec la courbe expérimentale (voir egalement Fig. 2). 

A partir de t = 4, on peut admettre que le pH ne varie plus et qu'il reste égal a 
environ 3-4. Dans ce cas, l’équation de la courbe devient: 

soit: 
(NHs3),.. = 49-2 + 7-75(t — 4) 

ce qui reste en bon accord avec l’expérience comme le montre le Tableau 4(5). 

Nous pouvons faire un calcul analogue pour rendre compte de la destruction de 


ou O 5. 
TABLEAU 4(a) 
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l"hydroxylamine, dans la mesure ou la réaction (7) n’intervient pas, c’est-a-dire pour 
le pH_ initial de 4-4. 


TABLEAU 


(NHs5) cate. 


5 57 
6 64-7 65 
7 72-4 72 
8 80 


Nous avons en effet dans ce cas: 
G(— NH,OH) = G(OH) + Gy + G(NH,) - 2G(NH,*) 
Guo, T Gon T 2Gy 7 3G(NH,*) 


| + exp [ —(pK’ — pH)/0-43} 


G(- NH,OH) = T Gon T 2Gy 


En suivant le méme mode de calcul que ci-dessus nous sommes conduits a 
l’équation: 


(NH,OH) = (Gy,0, + Gy) Dt + tog, 


1+e?-* 


avec: 


et: 


d’ou: 


(NH,OH) 175 +- 0-961 — 92-5 log, (1 + e1:73-0-7%) pour 0<1<4 


a partir de ¢ = 4, le pH ne variant presque plus, nous avons comme pour l’ammoniaque 


(NH,OH) = —(NH,OH),_, + G(—NH,OH),._.5.,D(t — 4) 


soit: 


(NH,OH) = 151-6 + 4) pour ¢> 4, 


Ces equations constituent une bonne représentation analytique des résultats 
expérimentaux comme le montre le tableau suivant: 


TABLEAU 5 


t (NH,OH)eaie. | —(NH,OH)exp. || | G(—NH,OH)eaic. | G(—-NH,OH)exp. 
52-0 | 51 | 6 8:1 
2 96-0 94 | 44 70 71 
3 129-0 126 | 34 3-0 
4 151-6 151 
5 175.6 175 
199-6 


t | | (NHy)exp 

4 

he 
6 ” pK’ — pH, 

/61 0-43 

|_| 

tq 

4 
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L’accord observé entre la courbe expérimentale exprimant la formation de l’am- 
moniaque en fonction de l’énergie absorbée dans la solution et l’expression analytique 
donnant cette formation en fonction du pH et de la dose absorbée justifie ’hypothése 
suivant laquelle le fait fondamental provoquant la baisse de rendement de formation de 
l’ammoniaque est uniquement le partage du radical NH, entre sa forme neutre et sa forme 
ionisée, la forme neutre donnant seule naissance a l’ammoniaque. 

D’autre part, l’équation analytique de la destruction de hydroxylamine montre 
que non seulement la forme ionisée ne réagit pas sur "hydroxylamine mais que-celle-ci 
Se reforme en partie égale 4 la quantité d’ions NH,* formeés. 

Nous pensons que cet exemple illustre comment des informations peuvent étre 
obtenues sur des composés instables par une étude cinetique des effets produits par les 
rayonnements ionisants, générateurs de radicaux libres au sein des solutions. 


Decomposition spontanée de I’hydroxylamine 


On a vu que hydroxylamine en solutions aqueuses est relativement instable sur- 
tout en milieu alcalin. L’autodécomposition est déja appréciable a pH 8 et conduit 
exclusivement a l’ammoniaque et 4 l’azote selon I’équation globale déja indiquée: 


3NH,OH —> NH, + N, + 3H,O 


Un mécanisme de cette décomposition, dont on sait qu'elle est initiée par divers 
catalyseurs, peut tre proposé a la lumiére des résultats précédents et de leur interpre- 
tation. On peut envisager l’attaque d’une molécule d’hydroxylamine par une autre 
molecule du méme composé, de facgon a rompre la liaison NH,—OH et libérer un 
radical NH, 

NH, — OH + NH,OH — NH, + N HOH + H,O (10) 


Cependant cette réaction (10) risque d’étre endothermique et d’avoir besoin d’étre 
initice par un catalyseur. On connait importance des ions de cuivre ou des ions 


ferreux: On peut supposer par exemple que (10) se passe en 2 étapes 


NH,OH + Fe?+ NH, FeOQH® 
NH,OH + FeOH?* NHOH Fe?* + H,O 


Quel que soit le mode d’attaque, on est conduit comme par le rayonnement a la forma- 
tion de NHOH et de NH, et aux réactions (3) et (4). Ainsi par (10) et (4) trois molé- 
cules d’hydroxylamine produisent une molécule d’ammoniaque et par la dimérisation 
(3) une molécule d’azote Lorsque le pH est plus faible, lion hydroxylamonium 
NH;OH* et l’ion NH,* ne peuvent plus réagir selon (4) en raison de la repulsion 
electrostatique. Méme si la réaction (10) a pa étre catalysée, la réaction inverse (8) que 
nous avons deja examinée reforme I’hydroxylamine. On expliquerait ainsi la stabili- 
teen milieu acide. 
APPENDICE 
Méthodes anal) tiques 

Les solutions préalablement soigneusement dégazées étaient irradiées selon les méthodes du 
Laboratoire déja décrites La microanalyse des gaz formés (N,, N,O, NO, H, et éventuellement 
O,) a été conduite soit par chromat graphie par adsorption,’ soit avec un appareil utilisant un 


alphametre.'**’ On indiquera ici seulement les méthodes utilisées pour mesurer hydroxylamine 


18) M. Lerort et X. TARRAGO, J. € hromatography 2, 218 (1959). 
4) M. Lerort, Bull. Soc. Chim. 253 (1960) 
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lammoniaque. On a vérifié par ailleurs par des méthodes de dé tres sensibles l'absence de 


nitrites, de nitrates et d°hydrazine dans les solutions irradiées en ab ence d’oxygéne 


(a) Dosage de I’ hydroxylamine* 


acide sulfanilique On 


ydrate naphtyl- 


usse refroidir et on 
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a la 
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>i c est 
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presence d’hypx 
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ble pendant plusieurs 


fate d'ammonium, 


if rsq perieure a celle de 


lammoniagu Dans faut r du rés bt ur 10 
molecules/cm’ d’hydroxylamine présente. Poy le M d'hydroxylamine irradiées 
avec des doses faibles, nous avons dosé les solutior irradiées er é nps que des solutions de 
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SNELL et C. T. Swett. ¢ , Meth fA if. V N rand, New York (1949) 
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composition trés voisine et connue, préparées a l'avance. Par comparaison des résultats obtenus, 
nous en avons déduit la concentration réelle en ammoniaque des solution irradiées. Pour doser de 
trés faibles quantités d’ammoniaque, de l’ordre de 3 ou 4 « 10'* molécules par cm*, en présence de 
300 10** molécules/ml d’hydroxylamine, nous avons obtenu de trés bons résultats en détruisant 
avant le dosage, I"hydroxylamine présente par du permanganate de potassium en solution acide 
Si C est la concentration en ammoniaque dans la solution finale, en 10'* molécule/cm® et d la 
densité optique mesurée a 630 mu par rapport a un témoin ne contenant que les réactifs on a ¢ 
3-1 d pour une épaisseur de | cm. 
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THE USE OF THE RELAXATION METHOD IN THE 
COMPUTATION OF SUCCESSIVE COMPLEXITY 
CONSTANTS 


K. O. WATKINS and M. M. Jones 


Department of Chemistry Vanderbilt University, Nas e 5, Tennessee 
(Received 23 March 1960: in revised form 16 Ju 1960) 


RELAXATION methods have been designed primarily to provide numerical solutions 
to physical problems which can be expressed mathematically in a linear form.“-* 
rhis method is applicable to any problem which is reducible to the solution of a system 
of non-homogeneous, linear, simultaneous, algebraic equations in a finite number of 
unknown variables. The determination of successive stat constants for complexes 
by the common experimental procedures ultimately yields such a set of equations 
We have therefore examined the use of this method in computing stability constants 
using data obtained by 

(a) LEDEN’s method, 

(b) ByeRRUM’s method,“ 

(c) Eriksson's polarographic method," and 

(d) the polarographic method of DeForp and HUM! 

A general procedure is used in setting up the relaxation method in each case. The 
sets of equations are reduced to the desired linear form with all the terms on one side 
and zero on the other. New quantities, called the residua ire introduced in place 
of the zeros. For any value assigned to the unknowns, the 1 juals will have certain 
values. For those values which are solutions the residuals will be zero. The equations 
are solved by a process which reduces these residuals to arbitrarily small values. For 
an exact solution the residuals must be zero, but approximate solutions can be obtained 
by reducing these residuals to small fractions of their original values. The relaxation 
method is a procedure involving various operations designed to reduce these residuals 

The first step is the construction of the unit operations table (see below) which 
shows how a unit change in the value of each variable affects the value of each residual 
of a set of equations. The second step is the construction of relaxation table. The 
table has a vertical column for each of the residuals as well as one in which the sequence 
of operations is recorded These operations may involve 

(1) the unit operations applied one at a time generally in such a manner as to 

reduce the largest residual, 

group relaxation in which all the values of the variable are changed at once 
the use of multiplying factors, and 
overrelaxation or underrelaxation.” 


An Introduction to Relaxation Methods pp. 1-25, Dove sblications, New York (1953) 
De G. ALLEN, Relaxation Methods pp. 1-23, McGraw y 
ven, Z. Physik. Chem. 188, 160 (1941) 
_ Metal Amine Formation in Aqueous Solution p. 27 ff. P. Haase, Copenhagen (1941 and 1957) 
sand A. Rincsom, Acta Chem. Scand. 7, 1105 (1953 
Acta Chem. Scand. 7, 1146 (1953) 
D. D. DeForp and D. N. Hume, J. Amer. Chem. Soc. 73, 5321 (1951). 
D. D. DeForp, D. N. Hume and G. C. B. Cave, J. Amer. Chem. Soc. 73, 5 
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The use of this method is best illustrated by its application to specific cases. Further 
information on specific details may be obtained from the texts of SHaw"” and ALLEN." 


USE WITH LEDEN’S PROCEDURE® 
The method of Leven is commonly used to study weak complexes in a system 


where the metal ion concentration can be directly measured using a reversible electrode. 


Thus for a system of complexes involving cadmium ion and some monodentate 
anionic species A~, the complexation equilibria are: 


+ A--+CdA 
Cd*+ + 2A--+ CdA, (2) 
Cd 


iA 


and the overall stability constants are: 


[CdA] 


4 
©) 
If we let 
= + (5) 
vy =[A-] + Li[CdA] (6) 


then 


x Cd** 


Designating N as the average number of ligands per complex ion: 
Li[CdA,] 
= [CdA,] 


The relaxation method uses the series of equations for F(A); one equation is 
required for each equilibrium constant. Because of the inherent nature of this method, 
the data obtained must be reduced by a series of successive approximations. The 
steps followed are listed below: 
(1) Preliminary values of F(A) are computed for the various points on the 
titration curve using the equations connecting the potentials measured at adjacent 


points with N: 


RT 
E, — E, N(In [A~], — In [A-],) = (In — In y,) (9) 


The [A~] is obtained from: 


= — M(x — [Cd?*]) (10) 


and F(A) is computed from the defining equation. 
(2) A relaxation table is set up and the relaxation process is carried to a stage 
where the residuals have satisfactorily small values. 
(3) The #,’s determined in this way are used to determine more accurate values 
of N from its defining equation and then more accurate values of [A~]. From these 
more accurate values a new set of F(A) values are computed. 
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(4) The relaxation method js used 
and these Steps are repeated until t! 
The data obtained by Lepr 


to obtain as many equations 


F(K) 


where F(K is the residua 
are: 
F(T) 


One assumption of this 


used are exact. The construct 


results in: 
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these new Fi \ 
O not change 


Br ysiem ¢ 


ilues to get better 


used with this method 


| such equations 


(18) 


at the numbers 


this set of equations 


icted; one way is shown below. 


a 
4 
a 
} 
8s desired of the form 
4 — [A FA (11) 
l j 

‘ ? 

4 , (12) 

4 Fil 670 « 10°?) 0-4) 
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ction of th Operations tab 
A 44 60 | 2-230 x 10°! 

A +3 10° * | 4973 x 

— ~ 

0 100 65 OO 170-00 270-000 

As, 59 10 4 OOK > 708 111-00 211-000 

2 10° +4 4 13-560 >? 48 | 79-00 166-400 

\ 2 10 1-79 4 4-928 27-80 66 942 

2 10% 1-9 a4 ) 16-36 48-418 

2 028 | | 14°36 + 46-418 

4x10 | 0-030 os | 12 2-024 + 2.058 
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After the residuals have been reduced to suitably small values, the values of the 

constants are obtained by merely summing up the changes which have been made in 

each of the variables. In the present case this results in: §, = & Af, = 57; py, 

Af, = 220; = Af, = 2 x 10°; Bg = =6 x 10°. These values are 
57; 


to be compared with the values obtained by Leden using graphical methods: /, 


Bs 220; Ps 2:1 10°: 5 10°, 


USE WITH BJERRUM’S PROCEDURE" 

The basic equation for this procedure is the one relating A, the average number of 
ligands bound per metal ion in solution, to the various cumulative stability constants 
K,,, and the concentration of free co-ordinating species [A]. This is 


n= N 

> nK,[A)" 

n (19) 
1+ K,{A]" 


n=l 


= 


In order to put this into the desired form it is written as 


n=N 
> (n — AjK,[A]" — i = F(X) (20) 


n=1 


Now [A] is determined experimentally and fi is obtained from the relation: 


Cy [A] 
Cy 


(21) 


where C, and Cy are the total concentrations of A and M in solution respectively, 
and [A] is the concentration of free co-ordinating species. The data required for the 
determination of the K,,’s are the typical A, [A] data. The data on the Zn**—-NH, 
system in 2M NH,NO, are available in BJERRUM’s thesis; typical values are: 


[NH,] = [A] = 2:00 x 2-81 10-3 3-61 4-66 x 10-3 
1-342 2-244 


1-789 


0-889 


ni 


These data lead to the four equations: 


F(W) = 2:220 104K, + 4-444 x 10-®K, + 1-689 x 10°8K, 
4-976 x 104K, — 0-889 (22 


F(X) = —9-610 « 10-4K, + 5-196 x 10-°K, + 3-679 + 10°°K, 
1-657 x 10K, — 1-342 (23) 


F(Y) = —2-848 « 10°°K, + 2-750 x 10°®K, + 5-697 x 10°*K, 
3-755 1K , — 1-789 
F(Z) = —5-797 « 10°°K, — 5-299  10°*K, + 7-650 108K, 


2-244 


8-281 


Vol, 
16 
1960/61 


: 

4 


rhe use of the relaxation method in the computation of successive complexity constants 191 


For this set of equations, the unit operations table is 


\ FCW) \FLX) \ FCY) AF(Z) 
1X, =1 2:220 x 10-* 9-610 « 2-848 « 5-797 x 
\K 4-440 5-196 | 2-749 10 5-299 10-* 
\K 1-689 3-679 10-* | 5-697 0 7-650 10-* 
\ K, | 4-976 10°? 1-657 10”? 3-755 0 8-281 10-** 


and the relaxation table is: 


F(W) F(X) F(Y) F(Z) 

\ 0-889 1-342 789 2-244 

A K, 3 « 10° 0-740 0-845 662 0-240 

\K 1x 10 0-571 0-477 92 1-005 

\ K, 8 10' 0-215 0-061 28 0-581 

\K 10? | 0-126 0-445 O11 1-738 

\KA l 10 | 0-043 0-077 14] 0-973 

¥ a 1-5 10 | 0-013 0-066 0-014 0-104 

The cumulative constants are obtained by summing up the changes in each of the 
variables and are found to be K, = 25 x 10, K, =8 = 107, and 
K, 3 10°. A comparison of the logarithms of the cumulative constants obtained 


by the relaxation method with those of BJERRUM’s values is ¢ ven below. 

K, = k, Ky = K; = k,k,k;, Ky = 
BJERRUM’S thesis 2°37 48] 9-46 
Relaxation method 2-40 4-90 7-30 9-48 


lhe same kind of equations are obtained with ByERRUM’s method of corresponding 
solutions’? and the relaxation method in this case is carried out in a strictly analogous 
fashion. 

ERIKSSON'S POLAROGRAPHIC METHOD*.* 

[his procedure was devised for the polarographic determination of consecutive 
complexity constants. If suitable indicator ions are present, the method may be used 
even though the central metal ion is not reduced. The complexity constants are 
obtained by the solution of linear equations of the same type as are encountered in 
LEDEN’s method 

F, ‘1 Ps A,* B,A,° (26) 
where the A, values, the concentration of free ligand, are obtained in the following 
manner: 


(1) The average ligand number of the system, fi, is expressed as 


total number of bound ligands 


i= — (27) 
total number of metal atoms 
where fi can be calculated from Bodlander’s equation: 
dE mF 
, __ (28) 
dinA RT 


**) J. Boerrt M, Kel. Dar Vidensk ab Selskab, Mat.-fvs. Medd 21, No. 4 1944) 
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Here, m equals the valency of the metal ion, A represents the concentration of free 
ligand, and E is the potential. 
For a bivalent metal ion system at 25°C, equation (28) becomes 


d log A, 29-58 


where the subscript 0 refers to concentrations at the electrode surface. 

(2) Values of AE, the difference between the potential of a metal perchlorate 
solution with ligand present and without any ligand present at a specified current, 
can be obtained from polarograms taken at various ligand concentrations. The 
potentials are expressed as a fraction of the diffusion current, i,, e.g. i/i,. 

(3) Since A, is not known, the total concentration of A in the system, C,, is used 
as a first approximation to obtain A, values. For a system such as Cd?*-Br~ or 
Cd**-Cl-, the differences between C, and Ay are small. The approximate i, values 
obtained from (29) are used to compute new values of A, from the equation 


With these new A, values, new values of fi, are computed using the Bodlander equation. 
(4) The concentration of the metal ion at. the electrode surface, M,, is calculated 
from the equation 


i 
where Cyy represents the total metal ion concentration at the drop surface, 


(5) To calculate the #’s, functions F,, are introduced and defined as: 


Values of F,, corresponding to various values of A, can then be determined. ERIKSSON 
obtained the following data on the Cd**—Br~ system in a medium whose ionic strength 


The following equations for the relaxation process can be obtained from this data. 


012468, — 1328 


033128, — 3005 


099708, — 7160 
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_ —dAE 1 
iy = = (29) 
Ay = Ca — fig. Cy (30) 
Ig 
Com 
| Com 
F Fy Com M, 
Mo . Ao" A," 
was three. 
[Br-] « 108 2748 499-5 691-9 999-0 
F, 370-0 1328-0 3005-0 7160-0 
F(W) = B, + 027488, + 0-075528, + 0-020758, — 370 (33) 
F(X) = + 049958, + 0:2495/, (34) 
F(Y) = + 069198, + 0-4787), (35) 
F(Z) = + 099908, + 0-99805, - (36) 


= 


d 
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The table of unit operation is: 


F(W) F(X) F(Y) 


AP, 100000 1-00000 1 -00000 
Ap, 0-27480 0-49950 0-69190 
AB; 0-07552 0-24950 0-47870 
AB, 0-02075 0-12460 0-33120 
AB, 1-37100 1-87400 2-50200 


The relaxation table constructed for these equations is: 


AB,’s 370-00 1328-00 3005-00 7160-00 
AB,’s < 10° 95-80 953-20 2504-60 6361-20 
AB, +2870 | 205-60 517-40 379-20 
AB; +104-22 | 90 38-70 618-80 
AB, < 10 +131-70 85 30-49 718-70 
AB,’s 540 | 5§ 219-71 319-30 
AB, 13-70 352.19 | 79-50 
AB, : 39:16 | 17-10 619-10 
AB, 0-84 57:10 | + §79-10 
AB, 3x 10 7-07 156-46 | 280-00 
AB, < 10 0-48 108-59 379-80 


On summing up the operations one obtains: 6, = & Ap, = 60, 8B, = & Ap, = 200 
B, = X Ap, = 1900, 8, = & Af, = 5400. The residuals have been reduced to 


approximately ,'5 of their original values. ERIKSSON’s constants are f, = 58 + 2, 
275 + 25, Bs = 1600 + 200, and 6, = 5400 + 400. 


THE POLAROGRAPHIC METHOD OF DeFORD AND HUME" 

This method is useful in studying complex ions which are reversibly reduced at the 
dropping mercury electrode. By an analysis of the shift of half-wave potential with 
ligand concentration, the successive complex ions which are formed can be identified 
and this then permits the evaluation of the formation constants. 

If the electrode reactions are reversible, the potential of the dropping mercury 
electrode is given by: 

E E Si (37) 

et nF Cy 
where C,° is the concentration of the amalgam at the electrode surface, Cy is the 
concentration of the simple metal ions at the electrode surface, and the f’s are the 
corresponding activity coefficients. Since the amalgam formed at the electrode 
surface is very dilute, f, is considered to be unity. 

If the formation of the complex ion is rapid and reversible, a formation constant 
may be written for each individual complex: 


Cuxs/uxs K Cy ful Cx Sx) (38) 


Here, Cyx ; is the concentration of the complex MX," ” in the body of the solution, 


K, is the formation constant of the complex, Cy and Cx are the concentrations of the 
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simple metal ion and ligand species, respectively, in the body of the solution. 
f’s are the corresponding activity coefficients. 
By addition of equations of the type (38) one may obtain: 


>< MX 
Cu Sus (39) 
fux 


and by combining equations (37) and (39) one obtains: 


RT f 
ni 


(40) 


MX 


By assuming the presence of excess supporting electrolyte to eliminate the migration 


current, it 1s possible to show that the half-wave potential of the reducible ion in the 


presence of the comple x forming substance can be given by 


(E,) } fa (41) 
7. 


where /, represents the measurable diffusion current constant and ly, the diffusion 


current constant of the metal atoms of mercury 


In an analogous manner the half-wave potential of the simple ion can be shown 
to be 
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RT 
In (42) 


nF fly 


(E,) 


When the activity coefficient of the ion is unity the half-wave potential is given by 


RT RT 
(E,°) (E,) In f ; In (1./T ys) (43) 


ni n 


Combination of equations (41) and (43) gives, on rearrangement 


_ni | 
antilog |0-435 [(£,) (E,).] + log (44) 
| RT 


\ Sux; 


FAX) 


F(X) is the experimentally measured quantity, K, is the formation constant of the 


complex MX*"~2”), Cy is the concentration of the free ligand species. If the activity 


coefficients are assumed to be unity equation (44) reduces to 


F(X)= > K,Cx (45) 
j=-0 


The function F(X) is introduced and defined by the equation 


FAX) = (F(X) — (46) 


i ) 


and Ff defined by: 


FAX) = — ete (47) 


in a manner similar to that used by Lepen. The relaxation method requires only the 
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F(X) function to obtain equations suitable for solution. Thus for a system such as 
the Cd**—SCN~ system studied by Hume, et al., sets of equations of the form 


F(X)= >} (48) 
j=0 
are used. Typical F,(CNS~) values reported by these workers are: 
KCNS (M) 0-4 0-5 0-7 1-0 1-5 2-0 
F,(CNS~) 15-0 26°4 53-8 123-6 467-0 1294-0 


On extra equation is used in the relaxation table to allow more rapid relaxation of 
any 5 of the 6 columns to reasonable residuals. The equations used for the relaxation 


process are: 
F(U) = K, + 4 x 10°K, + 1-6 x 107K, + 6-4 « 10°K, 
2:56 x 10°°K, — 15-0 (49) 


F(V) = Ky + 5 x 107K, + 2-5 x 10K, + 1-25 x 10K, 

6-25 x 10°°K, — 26-4 (50) 
F(W) = K, +7 104K, + 4-9 x 107K, + 3-43 109K, 

2-4 x 107K, — 538 (51) 
F(X) = K, + K, + Ky + Ks + Ky — 1236 (52) 
F(Y) = Ky + 15K, + 2:25Ky + 3-375Ky + 5-062K, — 467-0 (53) 
F(Z) = K, + 2K, + 4K, + 8K; + 16K, — 1294-0 (54) 


— 


! 
A F(V) A F(W) A F(X) A FCY) F(Z) 


1-6 
\K, 64 x 10°* 1-2 3-43 = 10 
2°56 5 


K, 26-4 
1:8 10-896 31-62 83-6 361-496 999 
K, 5 10 052 | 7-771 19-61 33-6 108-371 199 
K, 3 « 10° 428 | 0-271 491 3-6 40-871 79 
K 
K 


eo 6 1-72 6271 10-91 9-6 46-871 | RS 
2 1-48 1-271 ltl 10-4 1871 | 5 


2-271 


4 
yl. 
6 The ones 
PO, 
AK 10" $x 107 | 7x10"] 1-5 2 
2:25 
1 | 3375] 8 
1 | $0625} 16 
AK, AA, =| | 
\K, 1-65 [1 938 2-773 5 | 13-188 3] 
7 The relaxation table used in the solution of these equations is: 
Fiu) FiV) Fiw) F(x) F(Y) F(Z) 
— 
A 
) 
=| K, 58 0-47 2:275 2-11 9-4 2-88 6 
K,=8,K,=38 | 
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The original constants 
K, = 6 and K, = 60. 


The relaxation method can 


constants in conjunction with the most commo ised experimental methods. It has 
the advantage of being capable of giving answers even in systems where large numbers 
of complexes are present and, in fact, it is for such systems that its intages are seen 
most forcibly. The ease with which the method can he ed in tl ution of sets of 
linear algebraic equations with large numbers of Knowns is an advantage over 
graphical methods. The method also has the advantages of b ing a system where the 
correction of arithmetical errors in the « ym putatior ry read rried out and of 
allowing a check of the final answer to be ) 1. The: nerior to 
the use of determinants in the re pect that it in approximatio1 10d and in th 
respect that any number of equat jual t the 1 nknowns 


can be used. In working with n 


relax as far as good data when the major f s rel this gives an 
indication of the most suitable point Perhaps, t advanta f the method 
is the speed with which solutions cat 

The relaxation method has the ivantag ra ris | st ale raic 
methods, of treating the equations as exact and tas flexible as graphical methods 
in allowing poor data to be selected and irded. T Its tained are in good 
agreement with those obtained by other methods. For ystel conditioned 
equations may be encountered Suggc st S for s 4 ets een presented 
by Nevitte.2” Fox" has discussed some of the de which cat ised to speed 


up the relaxation process. 
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ELECTRON SPIN RESONANCE AND OPTICAL SPECTRA 
OF CHROMIUM “SANDWICH” COMPOUNDS* 


R. D. FecTHAM** 
Radiation Laboratory and Department of Chemistry 
University of California, Berkeley 4, California 


(Received 17 March 1960; in revised form 29 June 1960) 


Abstract—The visible, ultra-violet, and electron spin resonance spectra of the chromium dibenzene 
cation and similar ions are presented. The hyperfine splittings of 3-5-4-.0 G and 20 G are attributed 
to the hydrogen and chromium-53 nuclei respectively. These spectra are discussed in terms of a 
molecular orbital theory 


THE unusual configuration"? of ferrocene type molecules has attracted much attention. 
lhe striking properties of these compounds have created much interest in the type of 
bonding that exists between the metal atom and the other atoms in the complex?” 
Some of the previous studies of “sandwich” molecules include thé¢ infra-red spectra, 
magnetic susceptibility measurements and X-ray structures determinations.” 
It is the purpose of the author to investigate the ground states and some of the excited 
electronic states of: [Cr(C,H,R),]*" 

The excited electronic states may be investigated by means of optical spectra. The 
number, position, and intensity of these bands should give some information as to 
what types of states are involved in the transitions. The ground state of the compounds 
which are paramagnetic can be investigated by means of electron spin resonance 
absorption 

EXPERIMENTAI 

The iodide salts of Cr(C,H,), [1], (ILL), and Cr(C, [TV] 
which were used in this investigation were kindly donated by Zetss'*’. A sample of Cr(C,H,),C! [V] 
was prepared from Cr(C,H,), [V1], which was « btained from Fiscner'*’. All the salts are soluble to 


some extent in water, and readily dissolve in ethanol. If the solution is slightly acidic, they are stable 
for months. when kept in sealed tubes 


Visible and ultra-violet spectra 


All the spectra were obtained by using a Cary Model 14 recording spectrophotometer In all 
cases, the wavelength scan was 5 A/sec. The chart drive was 60 or 120 in/hr, and the slit width was 
0-1 mm except in the region of 2000 A where a larger slit width was necessitated. 
The visible and near infra-red spectrum of I (Fig. 1) consists of a single weak absorption at 
11.700 A fe 7). Compounds III and LV are similar, having maxima at 12,300 A (e 10) and 13,000 


* The work described in this paper was sponsored by the U.S. Atomic Energy Commission 
** Present address: Mellon Institute, 4400 Fifth Ave., Pittsburgh 13, Pa 


P. F. Emanp and R. Pepinsxy, J. Amer. Chem. Soc. 74, 4971 (1952). 
H. H. Jareee, J. Chem. Phys. 21, 156 (1953) 

* W. Morrrrr, J. Amer. Chem. Soc. 76, 3386 (1954) 

*) J. D. Dunrrz and L. E. Orcer, J. Chem. Phys. 23, 954 (1955). 
E. R. Lippincorr and R. D. Newson, Spectrochim. Acta 10, 161 (1958) 
E. O. Fiscuer. G. Joos and W. Meer, Z. Naturf. 13 B, 456 (1958). 
E. Weiss and E. O. Fiscner, Z. Anorg. Chem. 286, 142 (1956). 

* H. H. Zetss and W. Herwic, J. Amer. Chem. Soc. 78, 5959. (1956) 

» E. O. Fiscuer and W. Harner, Z. Naturf. 10 B, 665 (1955) 
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A (e = 7) respectively. This absorption is comparable in position and intensity to the absorptions 
of other metal ion complexes."'* There appears to be a slight shoulder on this band. The visible 
spectrum of VI consists of only one absorption (Fig. 2), which is also of low intensity. 

The ultra-violet spectra of I, LI, and IV are compared in Fig. 3. There is little difference between 
the position of the ultra-violet absorptions of these three compounds, but in compounds III and I'\ 
there is a marked increase in absorption between 2300 and 2600 A. The increased absorption in this 
area by compounds III and IV is attributed to the absorption of the phenyl group, which normally 
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Fic. 1 Near-infra-red spectrum of chromium dibenzene cation d ssolved in water. 
1 
80r 
40r 
20} 
4000 5000 6000 7000 8000 
WAVE ENG T N Ln 
Fic. 2 Visible spectrum of chromium dibenzene dissolved in cyclohexane. 


has absorptions in the region of 2500 A. In the region down to 2000 A only one intense absorption 
was observed for VI at 3200 A whereas I has three well defined bands in this same region (Fig. 4) 


Electron spin resonance 


This type of spectra has been well discussed elsewhere."':"2.\") The spectra were obtained using 
a transmission Cavity spectrometer operating at a frequency of 9-3 kmc/s. All the spectra presented 


are solution spectra. In all cases where g values were measured. as a reference a small particle of 


20) O, G. Homes and D. S. McC.ure, J. Chem. Phys 26, 1686 (1957). 
B. Bieaney and K. W. H. Stevens, Rep. Progr. Phys. 16, 108 (1953). 
2) K. D. Bowers and J. Owen, Rep Progr. Phys. 18, 304 (1955). 

3) J. E, Wertz, Chem. Rev. 55, 829 (1955), 
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Ultra-violet spectra of substituted chromium dibenzene cations. 
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| ,1-diphenyl-2-picrylhydrazyl was placed in or near the center of the ca 
The monopositively charged chromium bisaromatics are paramagt 


"* R. D, FectHam, P. Soco and M. Carvin, J. Chem. Phys 26, 1354 (1957) 
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electron per molecule. | ig. 5 is the spectrum of II in an aqueous solution 
nine barely resolved lines, as compared with eleven in 1." These hype 
action of the electron with the nuclear spins of the hydrogen nuclei. For I, a total of 13(2/ 
are expected while the substitution of two deuteriums for two hydrogens shoul 
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ity during the measurement. 
etic, having one unpaired 
There are approximately 
rfine lines are due to ine inter- 
1) lines 
d produce an eleven 
The spectrum of III is quite different from compounds I and II, as seen in Fig. 6. 
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First, the resolution of the lines is much superior, second, there is an even number of lines: and third, 


the separation between these lines is 4-0 G as compared with a spacing of about 3-5 G for “I and I 
Since III is the only compound with an odd number of hydrogens, it is the nly one of these compounds 
for which an even number of lines is expected. The ¢ values of all the ions are approximately 1-98. 
In no case could all the anticipated hyperfine lines be observed, partly because of their low intensity 
(approximately 1/1000 that of the center lines) and also because of the presence of satellites of moder- 


ate intensity 


Fr 

In attempting to resolve the theoretical number of lines (12) ill satellites were found with 
an intensity ca. 1/40 that of the more intense spectru I verlap the more intense 
Spectrum, as seen in Fig. 7. The separat between | te e two satellites is approxi 
mately 60 G, and the structure of each satellite is s to that observed for the more intense 
spectrum, also having a splitting of 40 G 

Of the naturally occurring chromium isotopes y *% +S per cent abundant) has a nuclear 
spin (3) and a small magnetic moment. This isot pe should r to four lines with the same 
pattern for each of them as is exhibited by the chr pe I iclear spin Assuming 
that the satellites are due to Cr, the hyperfine splitting ilated f the two observed satellites 
iS approximately 20G. The hyperfine splitting for °%« b by Low" for Cr** is 17 G and 
the intensity relative to the other chron pes 1/40. The re ther known Cr* complexes 
with which to compare the g value, but C1 ind Cr iN | approximately 1-97.'* 
If these satellites arise from the "Cr isot pe, the i tt iid possess these satel 
lites. Accordingly all of the c mpounds were re-exa l, and we id to have similar low 
intensity satellites. IV iS Guite similar to II] except that re area her than even number of 
lines. The superhyperfine structure of the two satellites of I\ ve é d, (not shown), but in all 
these cases the other two satellites ¢ xpected for “Cr were obscured by the more intense specirum 

A molecule containing “C (1 per cent abundant) would a be expected to give rise to hyperfine 
splitting. It can be shown that approximately 10 per cent of the chr cations would be of the 
type Cri“"C,"CHi9).*. Since “C has a spin of §, two lines would be expected with an intensity ratio 
of 18:1 compared to the observed 40:1 The observed Spitting iS ais much too large, the @C 


splitting in naphthalene negative ion being only 7-3 G.“*’ Molecules c taining more than one “"C 
are present in too small an amount to be considered 


DISCUSSION 

In order to discuss the experimental facts, the molecular orbital model of Orce."® 
will be assumed. This model is derived by assuming that the bonding forces in 
“sandwich molecules” are of a covalent type. OrGe! specifically treats ferrocene. 
His treatment will be extended to chromium dibenzene in a later paper (see also Ref.17). 
Fig. 8 gives the specific results for chromium dibenzene cation. It will be noted that 
this treatment places the unpaired electron in a bonding d orbital. Since the 3d and 4s 
*) W. Low, Phys. Rev. 105, 801 (1957) 


‘*) S. I. Wetssman, T. R. Turrie and E. pe Boer. J. Phys. Ch 61, 28 (1957) 
R. FectHam, UCRL-3867 (1957) 
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Fic. 8.—Energy levels for chromium dibenzene. 
LEGEND 
) denotes non-bonding { denotes degenerate levels 
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orbitals of Cr° are approximately degenerate in the free atom, a hybrid orbital (s — d,”) 
has been used as the orbital which bonds with the a,, orbital of the benzene rings. 
Morritt® uses this combination to reduce electrostatic energies rather than for 
improving the bonding of molecular orbitals. Probably both effects are important, 
but the experimental evidence forces this a,,° orbital to be of lower energy than the e,, 
and e,, orbitals. This scheme at least qualitatively agrees with experiment, since it 
places the electron in an orbital which is a mixture of d orbitals of Cr and p (or p + s) 
orbitals of the carbons. The hyperfine structure together with the observed g values 
shows this irrefutably. 

If one compares the magnitude of the hyperfine splitting to those in benzene 
negative ion, it is found that the total spread of the hyperfine splitting is twice that 
in benzene negative ion. MCCONNELL"* has shown that the magnitude of hyperfine 
splitting in aromatic free radicals depends upon the exchange integral between the 
carbon sp* hybrid, hydrogen s, and the z(p,) orbitals, and should be directly related 
to the coefficients of the atomic orbitals that go to make up the molecular orbitals. 
If the only major difference between the unpaired electron in benzene negative ion 


and in chromium dibenzene cation is having the molecular orbital composed of a 
chromium d and carbon p orbital, then one would expect a decrease of the spin density 
on each of the hydrogens, since one electron would be spread out over two benzene 
rings and a chromium atom. Since this is not the case, some change must be made in 
the sigma bonding skeleton of the benzene nuclei. The C—H bond in particular 


@® H. H. McConnett and D. B. Cuesnut, J. Chem. Phys. 28, 107 (1958). 
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must be affected. This is also reflected in the absence of resolved vibrational structure 
in the uv absorption bands. 

The excited electronic states should also be explained by these molecular orbitals 
(Fig. 8). There should be one low energy symmetry forbidden transition (¢ 20 > Cre) 
and one is found at ca. 8300 cm=! (F ig. 1). The slight shoulder on this absorption may 
be a spin forbidden transition. There should also be two allowed transitions from the 
e,, ligand z orbitals to each of the two d orbitals, with an energy separation equal to 
approximately the energy of the first weak transition. The energy difference found 
between the first two uv absorptions is 7600 cm~', which in view of the many 
assumptions made in this approximation is in excellent agreement with the observed 
8300 cm~!. The chromium dibenzene molecule should have only one transition from 
the ¢,, to the e,, (compare Fig. 1), and one weak €s,, €,, transition (Fig. 2). The 
presence of additional phenyl groups in III and IV have only a small effect on the uv 
spectrum, showing that the bonding between Cr and C is little affected by substituent 
groups. More information is required to understand other features of the spectra. 
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INFRA-RED ABSORPTION SPECTRA OF TRIMETHYL- 
LEAD CARBOXYLATES: PLANAR STRUCTURE OF 
(CH,).Pb 
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Higast inoda, Miyakojima, Osaka Japan 
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The infra-red spectra of trimethyllead formate, acetate, and monochloroacetate were 


Abstract 


examined over the range 400-3500 cm It is shown that these compounds consist of the trimethyl- 


lead cation and the carboxylate anion, and that the cation probably has a planar structure 


WHILE many similar properties are observed in the organometallic compounds of the 
fourth group elements, Si, Ge, Sn, and Pb, there are many different characteristics. 


One of the most interesting differences is indicated by the infra-red spectra of the 


carboxylates. In the compounds (CH,), .Si(OOCCH.). ( 14), the bond between 
silicon and acetoxy residue is covalent and similar to the bonding in an organic ester. 
In the case of trimethyltin carboxylate and dimethyltin dicarboxvlate the bond 
between tin and carboxylate residue is ionic and lar to the bonding in sodium 
carboxylate. Thus, these tin compounds should be describe | more properly as follow 


(CH,).Sn 


Further information on the shape of the trimethyltin and dimethvitin cations has been 
obtained by their infra-red spectra in the KBr ri n. The results show that the tri- 


methyltin cation and dimethyltin cation probdab nave a plana! and linear conhigura- 


tion,” respectively. 
This work has been done to extend the above findings to the analogous lead 


compounds. It has been assumed that the trimethyllead cation. if it exists, would have 


a planar configuration™’. In this work, some of the trimethyllead carboxylates were 


examined by infra-red in the NaC] region, and their spectra show the presence of the 


trimethyllead cation, Also, the infra-red spectra of these compounds in the KBr 


region suggest that this cation probably has a planar configuration. 


EXPERIMENTAI 


Materials. Trimethyllead formate, acetate, and monochloroacetate were prepared directly from 


tetramethyllead and formic acid, glacial acetic acid and monochloroacetic acid respectively The 


reactions were carried out in an apparatus for sublimation, and the crystals were purified by sublima- 


tion at once. Identification was done by their melting points; 114 C (Reported 113°C) for the 
formate, 194°C (Reported 194°C) for the acetate and 167°C (dec mmposed) (Reported 167°C) 


for the monochloroacetate 


R. Okawara, D. E. Weaster and E. G. Rocnow. J. Amer. Chem. So: 82, 3287 (1960) 
* R. W. Leeper, L. Summers and H. Gitman. Chem. Re 54, 150 (1954) 
8 R. Heap and B. ¢ SAUNDERS. J. Chem. Sov 2983 (1949) 
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Veasurements. The infra-red spectra were recorded using a Perkin-Elmer (Model 21) double- 
beam spectrophotometer equipped with NaCl or KBr optics. | NaCl region, the spectra were 
obtained using pressed KBr disks. In the KBr region. Nuiol n K Br disks were used 

The observed spectrum of trimethyllead formate is shown I nd the vibrati nal frequenc cs 


are given in Table | together with those of tetramethvllead 


tin formate'’’ and sodium 


formate which have been reported pr 


1 Irequencies of trimethyllead acetate and monochk ac re listed in Table 2 and 3 


with those of trimethyltin and sodium carboxvlates 


TABLE ! INFRA-RED VIBRATIONAL FREQUENCIES ¢ 


x 


POSITIONS OF BANDS UN cn 


| 
NaOOCH (CH,). SnOOCH | (CH,),PbOOCH Assignment 
| 
478 198 M—C asym. str 
65 770 | (776 CH,(—M) rock 


COO scissor 
1070 CH out-of-plane bend 


CH.(—M) sym. str. 


COO sym. str 
1377 1378 1362 CH in-plane bend 
1448 CH,{(—M) asym. def 


OO antisym. str 


DISCUSSION 


[he spectra of trimethyllead formate. acetate and n nochloroacetate could be 
interpreted as superpositions of the absorptions of the carboxylic acid anion and those 


of the trimethyllead cation. Assignment of the bands, as shown in Tables 1-3, can be 


made by referring to the spectra of tetramethyllead, sodium carboxylate and tri- 
methyltin carboxylate. 


[he assignment of the bands in the NaC} region, 700-2000 cm~-', can be made 


with certainty. A strong band associated with methyl group attached to metal atom, 


* E. R. Lippincorr and M. C. Town. J. Amer. Chem. S 75, 414] 
*) R. Newman, J. Chem. Phys. 20, 1663 (1952). See also. T. Mivazawa Chem. Soc. Japan 77, 381 (1956) 
(in Japanese), and H. J. Beansremw. Canad. J. Chen 34, 170 (195¢ 
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TABLE 2.—INFRA-RED VIBRATIONAL FREQUENCIES OF THE ACETATES: 
POSITIONS OF BANDS (IN cm~'): R = OOCCH, 


(CH,),SnR" (CH,),PbR Assignment 
g 
460 497 485 COO rock. 
555 499 M—C asym. str 
616 618 581 coo out-of-plane 
bend 
647 664 658 COO scissor 
781 | 
77 
775 794 ; CH,(—M) rock 
923 940 928 CC str 
1007 1015 1010 
1045 1048 1043 rock 
1194 1153 
1206 1168 M) sym. def. 
1339 1352 1339 CH, sym. def 
1425 1428 1408 COO sym. str. 
1440 
1484 | CH, asym. def 
1582 1576 1560 | COO antisym. str 


CH,(—M), is found at 770-800 cm~ in the lead and tin compounds shown in Tables 
1-3. In trimethyltin compounds, this band has been assigned” to the rocking 


vibration of the methyl group. In lead compounds, this band can be assigned to the Vol, 
same vibration with reference to the assignment of tetramethyllead. In the formate 16 
the absorption due to the COO scissors, and in the monochloroacetate that of the 1960/61 


C—C] stretching fall in this region. The symmetric deformation vibrations of methyl 


TABLE 3.—INFRA-RED VIBRATIONAL FREQUENCIES OF THE MONOCHLOROACETATES: 
POSITIONS OF BANDS (IN cm™='): R OOCCH,C! 


NaR*® (CH,),SnaR (CH,),PbR Assignment 
429 501 | 470 COO rock, 
556 496 M—C asym. str. 
576 COO out-of-plane 
bend 
670 678 634 COO scissor 
770 765 778 CCI str. 
or or 
783 798 CH,(—M) rock 
926 CC str 
933 938 938 CH, rock 
1196 CH,;(—M) sym. def. 
1166 CH, twist. 
7 1248 1250 1250 CH, wag 
1399 1393 1390 CH, scissor 
1425 1418 1415 COO sym. str 
1595 Coo antisym. str 
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groups attached to silicon, germanium and tin show one or | sharp bands near 1260, 


1230 and 1200cm~', respectively; in the three trimethy ympounds studied here, 


two sharp bands at 1153 and 1168 cm™' can be assigned to this vibration. Another 
band attributable to the asymmetric deformation vibration, found at 1448 cm~ in 
tetramethyllead, is hidden in the carboxylate. All the r bands can be readily 


assigned to the carboxylate anion, by comparing the with those of sodium 
carboxylate and trimethyltin carboxylate. A few weak bands found in sodium 
carboxylate do not appear in the spectra of the lead and 
experimental conditions. 

From the spectra in the KBr region, it is possible to obtain some information about 
the shape of the trimethyllead cation. One of the authors has already shown that 
trimethyltin formate has in this region only one absorption which is to be assigned to 
the Sn—C asymmetric stretching vibration. And it was concluded that the trimethyl- 
tin cation has a planar structure from the standpoint of infra-red spectra.’ A similar 
phenomenon is observed in the present work. In the spectrum of tr imethyllead formate 
only one band appears in this region. Since the formate anion shows no bands below 
700 cm~!, this band must be due to the trimethyllead cation. If the cation has a planar 
Structure, the symmetric Stretching vibration must be infrared inactive, and only 
the Pb—C asymmetric stretching vibration can be expected in this region. This 
assignment in the KBr region is further supported by the frequency of the band. In 
the case of tetramethyltin, trimethyltin formate, and dimethyltin diformate the band 
assigned to the Sn—C asymmetric stretching vibration is found at 528 cm~, 552 cm=! 
and 592 cm~’, respectively. A similar shift to a higher frequency is observed in the 
case of tetramethyllead and trimethyllead formate. In trimethyllead acetate and 
monochloroacetate, one strong band appears in almost the same position as in the 
case of the formate, and this can be assigned to the Pb-C asymmetric vibration. if the 
other bands can be assigned to the carboxylate anion as given in Tables 2 and 3. 


compounds under these 


*) M. P. Brown, R. Oxawara and E. G. Rox HOW, Sp him. Acta 16, 595 (1960), 
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Abstract—The new borohydrides of the tetraphenyl phosphonium tripheny! sulphonium and diphenyl] 


iodonium cations are described, and an account is given of the thermal decomposition of the first 


named, which gives rise to the previously unreported tripheny] phosphine—borine co-ordination 


compound 


HE first paper of this series") described the preparation and thermal decomposition 
of the rather unstable trimethyl sulphonium borohydride. The present paper deals 
mainly with the preparation and thermal decomposition of tetraphenyl phosphonium 
borohydride, and also gives preliminary information on triphenyl sulphonium 
borohydride and diphenyl iodonium borohydride. None of these phenyl compounds 
has previously been described. As before, the method of preparation employed was in 


all cases a simple metathesis in cold solution between the fluoride of the 


“onium” base and an alkali borohydride. The fluorides were chosen because most of 


the other common salts are insufficiently soluble in water. All three of the phenyl 
“onium” borohydrides are sparingly soluble. and precipitate readily from the reaction 
mixture. Their thermal de conforms in part to the pattern already 
established for “‘onium”’: tetra yl t ind for trimethyl sulphonium boro 
hydride,” in which a me irl inated between cation and 
anion; but there are competing reacti in which polymer is f 


raphenyl phosphonium (TP) he 


TP br 


ilc. for TP br 


In a typical preparation, 7-26 g (15-95 mmole) of TP br le dihydrate were dissolved in the 
minimum of water (about 400 ml) at room temperature. The lut was run slowly through a 
column containing 50 ml of well washed Amberlite IRA-400 a: 1 exchange resin in the fluoride 
form. The effluent still contained about 10 per cent of the bromide ion originally present. The 


effluent and washings were concentrated to 65 ml at room temperature in a rotary film evaporator 


To the resulting solution, at 0°C, was added a cold solution of 0-896 g (15-95 mmole) of recrystallized 


potassium borohydride in 8 ml water. TP borohydride precipitated immediately as small, colourless 
needles. It was filtered with suction on a sintered glass funnel jacketed with ice-cold water, 
and washed with three small portions of ice-cold water Without delay the funnel and 


precipitate were transferred to a desiccator containing concentrated sulphuric acid desiccant, 
which was evacuated. Yield of dry TP borohydride 4-7 g (83 per cent). (Found: C, 79-5; H, 7-15; 


H. G. Heat, J. Inorg. Nucl. Chem. 12, 255 (1960) 
*) G. A. Razuvayev and T. G. Britkina, Dokl. Akad. Nauk SSSR 85, 815 (1952). 
* H. H. Wittarp, L. R. Perkins and F. F. Buicxe, J. Amer. Chem. Soc. 70, 737 (1948). 
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EXPERIMENTAI 
omide was prepared as described by W f | lihvdrid 
ivarige was 
recrystallized twice from methar The yields of { prod fro WOT rations (16 i 
15 f f hort f the ‘ 4 
ir s the ide gin work Found: ¢ ) 
H, 5-63. omide dihydrat C, 63 
|__| 


0-1 mmole of 


mmoie) of 


ires (4 per cent above 
litera ry 78:1), and 
by its infra vectra nd an Var il \ gulshable from those of 
pure benzene t smel h é n hydrides 


In the top of re t ‘ of < ite ate It consisted of high- 


melting crystals 


extraction w 


Diphenyl iodonium (DI) borohydrid. 


This compound was similarly prepared. It proved to be muctl stable than the other two 


borohydrides he crystals were dried by transferring them to a ch was immersed 


water and Kept highly evacuated al | rs The Ver I 


it cy were 


we ine cx un 
detonated violently om tempe ire about a minute after air wa tted to the bulb. Jn vacuo 
it appeared to be st it room temperature. It decomposed in 1 t about 110° with a weak 


explosion which d 


id not break the container, and the dec mposition products were worked up as 
described for TP borohydride 


*" J. R. VAN Wazer, Phosphorus and its Compounds Vol. 1 ter nce, New York & London 
(1958) 


H. G. Heat and J. A. B. Martin. To be published 
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I 8-5 B, 3-04, 3-05. Calc. for (C.H,).PBH.: 81-4 H. 683 P, 8-7 B, 3-05°) 
cn ¢ cl Ww 1 €Xcess ‘ c acid 100-9 
gq per cent of theoretical { the ction 
q BH H -+ H,BO 
J or weighing the residue from 
f lu iturated at water and in ethanol 
de W f oas rive } ilues by this method. but 
TP bor id 
vi wa y a posed in ar parat that described yu 
typical u iif es) iresmiy prepare ate ver 1ec ymposed in vacuo at 
185-210°C, and the residue heat high vacuum for a further 14 } 190-230°. 
4 not ‘ 1O¢ as } iy nr 
le ea presu was produced. TI ther volatiles during 
“a a decompos tion and subsequent heatir g consisted almost entirel I 206 g (2°64 Ft arly 
4 
x cepa was effected by 
a th ethyl ether which Y was much more soluble t X. Two 10 ml portions of ether 
extracted 0-40 of mat melting th ange 
iterial i over the range 50 \ re yStallized twice from 
| a nethanol, w sid ble losse ving the high solubility of the ¥ nd the presence of much X 
is Pave UU. ire It was dentified as fripnenyi pin ine n elting po nt (Found 
C: value 6°C) inalvsis Found ( Hi P. 10-4: Cale. ( 
H §.2 > 11-8 art } } 
P, rhe part it whic ether was now extracted 
6 rp } } i} +} 
vess 
ene 
0-42 g iles of X 1. These melted r.). X was identified as 
C.H,),P’BH Found: P, 99, 12-0; B, 3-6, 3+ 
C, H, 66; P B, 39%. Mol. wt. I 1: 274, 28 
vet 
19.2. LT > 
sit he products wer vays ol pproximately the 
| 
ny! suiphonium (1S) borohydride 
‘- iuDilities and ther al dec | nm were similarly investigated 
4 
4 
4 
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Solvents 


Ether and benzene had stood over sodium for some time and were distilled from fresh sodium 


mmediately before use. Chloroform was purified using the method described by Gross and 
SAYLOR"’, dried over calcium sulphate followed by phosphorus pentoxide and distilled immediately 


1 Perkin-Elmer Infracord machine 


were made ebulliosc: pically in benzene solution, using the 


normal dry combustion method. This 


tends to give low carbon results with boron cor pounds, but since most of the samples contained 
eighteen to twenty-fourcarb itoms to one boron atom the error could not, in the worst circumstances, 
be rge In the case I the second analysis of the resin qu ted above, the total percentages fell far 
short of ind the carbon figure was checked by wet combustion as described by LINDEN- 
BAUM 1es Obtained were almost the same as the dry combustion values quoted. 


the bor hydrides were dec mposed simply by dissolving them in 
dilute hydrochloric acid. Tripheny! phosphine-borine was dec ymposed by fusion with anhydrous 
sodium carbonate." The resin was also treated in this way but. ina check determination, one sample 
was heated to 460° for 15 min with calcium hydroxide in a sealed silica tube’ in order to ensure 
complete decomposition without loss of volatile boron c mpounds. The result igreed with those 
obtained by sodium carbonate fusion. The final Stage of the boron determinations was always 
titration of boric acid in presence of mannitol 

For the determination of phosphorus, the samples were broken down in the conventional way 

t 


ibe, and the phosphorus precipitated and weighed as ammonium 


I 
phosphomolybdate. With TP borohydride. heating to the usual temperature of 320°C did not de- 
compose the sample completely and, instead, the tubes were heated at 380-400°C for an hour 
Some of the phosphate formed adhered to the glass, which was slightly attacked, and this was re 


moved by extracting with hot sodium carbonate solution A blank determination was performed 


RESULTS AND DISCUSSION 


Tetraphenyl phosphonium borohydride forms colourless, non-hygroscopic 
needles. In accordance with its presumably ionic constitution, it is soluble in water 
g per 100 g at 0°), in chloroform (34 g per 100 g at )and readily soluble in methylene 
chloride and ethanol, but practically insoluble in benzene, carbon tetrachloride. 
diethyl ether and ethylene glycol dimethyl ether (monoglyme’’). Its high solubility 
in chloroform and methylene chloride, a common property of tetraphenyl phosphonium 
salts, endows it with potentialities as a reducing agent for organic substances which 
are now being examined in this Department. 

On storage in a desiccator, the compound underwent no visible deterioration in 
months other than a slight darkening of the surface layers in light. However, the 
yield of hydrogen on treatment with dilute hydrochloric acid fell somewhat below 
theoretical. From one sample, prepared using recrystallized potassium borohydride 
‘*} P. M. Gross and J. H. Savior, J. Amer. Chem. Soc 53, 1744 (1931). 

” B. Bopranski and E. SuCHARDA, Chem. Z. 923 (1928) 
‘*) A. LINDENBAUM, J. SCHUBERT and W. D. ARMSTRONG, Analyt. Chem. 20, 1120 (1948); also 

D. VAN Styke, /bid. 26, 1706 (1954); 27, 214 (1955). 


“*) Housen-Weyt Methoden der organischen Chemie (4th Ed.) Vol. 2, p. 207. Georg Thieme Verlag, 
Stuttgart (1953). 
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of at least 99 per cent purity, the yield fell to 87-5 per cent of theoretical in only a week’s 
Storage at room temperature. From another sample, prepared using potassium 
borohydride of 97 per cent purity as supplied by Metal Hydrides Inc., the hydrogen 
yield was still 94 per cent of theoretical even after 3} months’ desiccator Storage, of 
which 1 month was at room temperature and the rest at —10°C. Since oxygen 
initiates an explosive reaction in the similarly constituted diphenyl iodonium boro- 
hydride, we suspect that a slow oxidation (perhaps of BH, to the known ion®® 
BH,OH ) possibly inhibited by certain impurities, may account for the fall in hydrogen 
yield. 

Analogy with other “onium” borohydrides” led us to expect that the thermal 
decomposition would go according to the equation 


C,H, + (C,H,),P-BH, 


one mole of the borohydride giving a mole each of benzene and triphenyl phosphine- 
borine. Both these compounds did result, but in much less than quantitative yield. 
Using the data of the run reported above, one mole of b rohydride gave 0-45 mole 
benzene and about the same quantity of triphenyl phosphine-borine. There is no 
question that the benzene was completely recovered. The other major volatile product 
was triphenyl phosphine. The yield is difficult to estimate exactly, but was probably 
not less than 0-17 mole and certainly not greater than 0-25 mole. Since practically no 
boron hydrides were present in the products, it is unlikely that the triphenyl phosphine 


resulted from dissociation of triphenyl phosphine—borine formed primarily, for this 
would have given some diborane and other hydrides from ¢ rolysis of diborane. The 
remaining decomposition product was the resin. One might have expected this to 
consist of a boron-ph sphorus skeleton with phenyl groups attached, but neither the 


unalyses nor the infra-red spectrum agree with such a constitution. A polymer of 
structure such as 


B—P—B—B 


Ph Ph Ph Ph 


with trivalent boron and phosphorus atoms in random alternation, would need to 
have at least one atom of (B P) for every phenyl group, if linear, or more if branching 
were allowed for. The analysis shows only 0-73 atoms (B P) per six atoms of 
carbon. The infra-red spectrum (in a potassium bromide disk, prepared under 
nitrogen) was complex and poorly resolved. The aromatic C—H stretching frequency 
at about 3000 cm™’ was very weak. There was a strong absorption at 2900 cm-, 
which does not correspond to P—H or B—H frequencies, and most probably arose 
from an aliphatic C—H Stretching vibration. The evidence seems to Suggest that 
there had been ring opening, probably catalysed by the Lewis acid BH, which must 
have existed in the reaction zone, and that the resin had. at least in part, a carbon 
skeleton. There was practically no absorption between 1800 and 2700 cm—. which 
includes the B-—H stretching region, implying the absence of BH or BH, groups. 
The analyses for C, H, B and P of the resin which had been crushed and extracted with 
benzene fall short of 100 per cent by 35-5 per cent. There is no possibility of any error 
of this order of magnitude, and the deficiency must be attributed to oxygen picked up 


J. Gouseau and H. Katrass, Z. Anorg. Chem. 299, 160 (1959), 
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during the treatment Supporting this explanation, there was a strong absorption in 
the I.R. spectrum of this material at 3250 cm-'. the O—H stretching region, which was 
missing from the spectrum of the untreated resin 

[he compound triphenyl phosphine—borine, forming needles of m p. 188° (uncorr.), 
which has just been mentioned as a maior decomposition product, has not previously 
been reported. It appears to be extremely stable being unaffected by moist air, and 
insoluble in, and unaffected by, water, 2 N sodium hvdroxide or 6 N hydrochloric 


acid. It is sparingly soluble in ether and readily soluble in benzene, the solubility 


increasing markedly with temperature in both solvents 

lo summarize, the dec mposition appears to involve nucleophilic displacement 
f phenyl phosphine fr the cation by the anion, leading to the formation of 
benzene and BH.,, the latter uniting with the triphenyl phosphine to give the stable 
co-ordination compound This is accompanied by extensive polymer formation. 
Whether the polymer is formed directly from TP borohydride, o1 secondarily by 


decomposition of the triphenyl phosphine—borine, will, it is hoped, become clear after 
an examination of the pyrolysis of triphenyl phosphine—borine which is being under- 
taken here 

'S borohydride is rather less stable than TP borohydride (decomposition tempera- 
ture 160°C as compared with about 190°C), and DI borohydride (decomp. 110°C 
in vacuo) still less stable. This is not surprising, since less symmetrical structures and 
charge distributions in the cation would probably facilitate nucleophilic attack. Our 
preliminary results indicate a general mode of thermal decomposition of TS and DI 
borohydrides very much like that found for IP borohydrides. In all three Cases the 
yield of benzene is less than half the theoretical for the simple nucleophilic displace- 
ment reaction, and much polymer is formed. However, diphenyl sulphide and iodo- 
benzene appear as such in the products, and not as co-ordination compounds with 
BH, since these co-ordination compounds, in contrast to triphenyl phosphine 
borine are, not stable 

[he contrast between the feeble explosion with whicl DI boro! ydride decomposes 


in vacuo, and the shatterir letona n produced by admitting air to it, is curious. 
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THE DIRECT SYNTHESIS OF ORGANOARSENIC 
AND ORGANOANTIMONY COMPOUNDS 
Maier, E. G. Rocuow and W. C. FERNELIUS 


Mallinckrodt Laboratory of H irvard University and 
Monsanto Research S.A., Zurich 


(Received 2 June 1960) 


Abstract—The convenient preparation of some methyl, ethyl, vinyl and phenyl halo-arsines and 


-stibines by the action of the corresponding hydrocarbon halides on elementary arsenic and bismuth is 
described. Suitable conditions vary with the h ilide employed: methyl bromide and chloride react 
satisfactorily at 350-375° in the presence of copper as catalyst, but vinyl bromide and chloride 
require a temperature at least 100 above this Methyl iodide react t 280°, but the yields are poor 
Silver is a superior catalyst for the reaction of bromobenzene with arsenic Bismuth gave no isolable 
product with methyl chloride, but methy! bromide gave a low yield of methyldibromobismuthine 
HE action of methyl chloride upon elementary silicon,’ germanium? and tin, 


usually in the presence of a suitable catalyst, produces organometallic chlorides of the 
type (CH,), MCI, ., where M represents the Group IVb element used. Other hydro- 
carbon halides show related reactions. The elements of Gr up Vb are quite different 


in general behaviour. h ywever, and there is no assurar t a similar approach to 
organometallic derivatives could be used. Although A GerR™ found that methyl 
iodide reacted with precipitated arsenic, and Eme.éus er a have used the reaction 
ot 1odotrifluoromethane with arsenic and antimony to prepare derivatives of these 


elements, no general study of the reaction of hydrocarbon halides with arsenic, 

antimony and bismuth seems to have been made IT his paper indicates that the 

cdirect reaction is a practicable method of synthesis. although it is limited in its 
} 

applica yility 


EXPERIMENTAI 


The general procedure was to pulverize “metallic” arsenic (or ant ny Or bismuth), mix in the 
desired proportion catalyst (if vy), and then t ) Support the pow n conve lutions of glass wool 
or on masses of asbestos* within a glass tube 20-25 mm id and 70 cm long. With a stream of 
hydrogen fi wing through it, the tube was heated in an electric furnace I 350 ind then the hydrogen 
vas shut off and a slow stream of the desired hydrocarbon halide was sent through the tube. The 
temperature was adjusted to the desired value, and the reaction Kept running for the number of hours 


or days required. In most experiments no attempt was made to exhaust the charge. Chlioro- and 
bromobenzene were carried into the reaction tube bv a stream of nitrogen bubbling through the 
warm liquid. The condensed reaction products were fractionally distilled. where possible; if de- 


Composition was too extensive, the crude reaction product was alkylated with n-BuMegBr and the 


* As will be realized by anyone who has conducted such experiments, the finely-divided powder cannot be 


packed solidly in a tube without setting up prohibitive resistance to flow of gases. Some form of dispersed 


support therefore is necessary, and it must be arranged to avoid chanr ng. Since no supporting material 
can be considered inert at 370 such reaction, the choice of material may de expected to influence the 
reaction. Such effects were explored, in part, and the results ippear in Table 1. Some of the reaction 
temperatures, of course were too high to be sustained by glass wool, 

E. G. Rocnow, J. Amer. Chem. Soc. 67, 963 (1945) 

E. G. Rocnow, J. Amer. Chem. S 67, 1729 (1947) 


A. C. Smirn and E. G. Rocnow. J. Amer. Chen Soc. 75, 4103, 4105 (1953) 
"y Avoer, C.R. Acad. S. Par 145, 809 (1907) 
H. J. Emecéus, R. N. Haszs nd E. G. WaLascnewsxi, J. Chem. § 1952 (1953), 
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mixed alkyls vacuum distilled 


Products were identified by boiling point, index of refraction, and 


analysis. * 


C opper-catalysed reaction of methyl chloride with arsenic 


4 21 mm glass tube was charged with 57 g ol pulverized arsenic and 10 g of copper powder, and 
the mixture was heated to 350° in an atmosphere of hydrogen for 3 hrs The hydrogen then was 


replaced by methyl chloride, introduced at a rate of 7 cm*/min (volume at room temperature). The 
reaction products were collected in an ice-cooled trap attached to the tube by means of a ground- 
glass joint. Over an interval of 170 hr the vield of liquid products was 30 g In addition to this 
1-17 mg of white crystals were isolated, but they could not be identified 
Repeated distillation of the liquid products yielded a colourless liquid boiling at 129°. It was 
thought to be pure CH,AsCl,, but analysis showed that it contained (« H,),AsCl. (Found: C, 8-37; 
H, 2:09; Cl 41-43. Calc. for CH,AsCl,: C, 7-45: H. 1-88: Cl. 44-08 ). As it was not possible to 
separate the reaction products by means of further fractional distillation. the product was butylated 
with n-C,H,MgBr, hydrolysed with a solution of ammonium chloride. and then again fractionally 
distilled. The fractions were 
(1) (CH;),AsC,Hy,, b.p. 32°/16mm (Found: C, 46-99: H 9-8] Cale. C, 44-46; H, 9-33°) 
This fraction contained hydrocarbon impurities which could not be separated, so the product 
was isolated from this fraction as the CH.I adduct (€ H,),C,H,AsI. (Found: C, 27-88: 
H, 6°08; I, 41-68. Calc. C, 27-65; H, 5-96: I, 41-75°) The yield was 10-6 g and corresponds 
to 49 g of (CH,),AsCl (20-2 per cent) 


(2) CH,As(C,H,),, b.p. 75°/10 mm (Found: C, 52:88; H 10-18. Calc. C. $2-94: H. 10-37%) The 
yield was 24'S g ¢ rresponding t 19:3 g of CH,AsCl, (79-8 per cent) 


A similar experiment was Carried out in which the contact mass was supported on asbestos. Over 


an interval of 50 hr the yield of liquid reaction products was 56 g The crude product comprised 
17-3 (CH,),AsCl and 82:7°, CH,As¢ l, 


Reaction of methyl bromide with arsenic 


Similar experiments were carried in which methyl bromide was passed over heated arsenic 


Catalyst, at various ten peratures The conditions and the 


n detail in order t contrast the effects of glass surface vs 


is heated in H, to 360 


1 was supported on asbestos and w: 


r3ny thyl bromide was the t duced at a rate of 36-5 g/hr Over an interval of 10 hr the 
yield of liquid reactior products was 98g. The products were fractionally distilled, yielding three 
fract 
(1) b.p. 64-120°/714 mm, 3 g of fore-rur or 3-6 per cent; 
(2) b.p. 126-131°/714 mm, 27 g (CH,).AsBr. or 32-5 per cent 


(3) b.p. 176-182°/714 mm, 53 g CH,AsBr,, or 63-9 per cent 
Fractions (2) and (3) were redistilled under reduced pressure yielding 
(a) (CH;),AsBr, b.p. 51°/42 mm, nearly colourless liquid, d,** 1-9053, my) 1-6813. (Found 
C,13-15;H, 3-17; Br, 43-27; Cale. C, 12-99: H, 3-27: Br 43-22%) 
(6b) CH,AsBr,, b.p. 89°/41 mm, oily pale yellow liquid, d," 2-6588, n° 1-6808. (Found: C. 
505; H, 1:23; Br, 641. Cale. C, 481: H, 1-21: Br. 640% 

Ten grammes of white crystals which were obtained from the reaction tube were recrystallized 
from alcohol and ether, and were found to be the addition compound of CH,Br with the 
two methyl bromoarsines. They decomposed at 120-140° with the evolution of methyl bromide 

(B) A similar mixture of pulverized arsenic and copper was supported on 5 g of glass wool and 
heated to 360°. Methyl bromide was introduced at a rate of 48 g/hr. Over an interval of 10 hr the 
yield of liquid reaction products was 230 g. The products were fractionally distilled. yielding 

(1) b.p. 64~-120°/717 mm, 5-5 g of fore-run, or 3-3 per cent; 

(2) b.p. 126-131 mm, 54:5 g of (CH,).AsBr, or 33-8 per cent; 

(3) b.p. 176-182°/717 mm, 100 g of CH,AsBr, or 62:5 per cent 


* Microanalyses were performed by A. Peisker-RITTER. Microanalytical Laboratory, Brugg, Switzerland, 
and by the Schwarzkopf Microanalytical | aboratory, Woodside, New York. 
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a results are summarized in Table | 
that of asbestos 
(A) A mixture of 83 17 ( 


TABLE | 


The direct synthesis of organoarsenic and organoantimony compounds 


in | Vield in| Fore- | (CH,),AsBr(%) | CH,AsBr,(% AsBr,(%) 
| | ? wc > ~ 
(C) | 10 hr(g) g/hr | run(®.)| b.p. 129-130°¢ b.p. 180-181°C b.p. 210-216°C 
250 | 81 0-75 
2 280 | 103 0-7 4 21:8 742 
3 300 167 3-05 
4 320 | = «84 3-15 27-6 67-3 
5 | 340 5:3 


9-8 


* No catalyst was used 
* No catalyst was used, and the introduced CH, Br was not recycled 

* Cu was used as a catalyst, but the introduced CH,Br was not recycled. 
* No catalyst was used, but HBr was added to the introduced ( H,Br. 
* These are the average results of five runs under identical conditions. 


From the amounts of CH,Br used and recovered, it was found that 28 per cent of the CH,Br 
consumed was converted to methyl bromoarsines. The other 72 per cent of the CH,Br was pyrolysed 
at this temperature to give H,, C, HBr and other products. The unchanged CH,Br recovered from 
this experiment contained 5° HBr, vs. 20 per cent in the previous experiment using asbestos. 

From these two runs and the previous ones, it may be concluded that glass wool is a more satis- 
factory support than asbestos. 


Copper-catalysed reaction of methyl iodide with arsenic 


The uncatalysed liquid-phase reaction of methyl iodide with arsenic in a sealed tube has been 
described before,'*’ but the yields of methyl iodoarsine were poor and the chief product was Asl,. 
We heated a mixture of 10 g of arsenic and 2 g of copper with 50 g of methyl iodide in a sealed tube to 
100° for 18 hr and found no reaction. We then tried heating arsenic (either with or without copper) 
with methyl iodide to 150° and to 200°, but obtained mostly arsenic triiodide and only a few drops of 
liquid assumed to be methyl iodoarsine. Finally, from 10 g of arsenic and 50 g of methyl iodide in a 
sealed tube at 200° for 18 hr there was obtained arsenic triiodide and a small amount of solid melting 
at 175-179 containing 62:1°% L. 

The heterogeneous gas-solid reaction of methyl iodide with arsenic at 280° and one atmosphere 


q was more successful. Fifty grammes of pulverized arsenic and 10 g of copper were mixed and heated 

x” ‘*) L. Mater, D. Seyrertn, for (CH,—CH), AsBr, 59°/19 mm; for CH,—CHAsBr,, 74-76°/14 mm. 

- F. G. A. Stone and E. G. Rocuow, J. Amer. Chem. Soc. 79, $884 (1957). 
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6 | 30 | 158 3-6 32:5 63-9 
7 7 | 370 177 9-8 4 24 72 
| 8 | 370 266 | 139 +s | 37-7 $8-8 
| 9 | 370 165 66 I 33-7 65-3 
10 | 370 158 66 42° 
| 370° | 385 | 22-5 23 22-6 75-1 
| 12 | 370 | 198 6-9 1-4 14:8 70 13-8 
13 | 380 13-8 18-3 68-5 12-2 
14 | 380 | 9-25 | 25-6 70-6 2-8 
Is | 400 170 1133 | 33 14-4 $7°5 24-8 
1. 16 | 420 184 | 15-2 2-9 36 40-2 
/61 17 | 440 200/128 | 5-6 41-0 
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for 3 hr at 350° in a stream of hydrogen, and then the temperature was t duced to 280° and the vapour 
r 


of methyl iodide was introduced at a rate of 10 g/hr carried by nitrogen. After 50 hr 6-2 g of liquid 
product collected in the ice-cooled trap. From its iodi tent, the product appeared to be a 
mixture of 90% CH;AslI, (73-8°% I), and 10° (CH,),AslI, (54-71 I). Thus the conversion was 
small, but no AsI, was obtained. A higher concentration of thyl iodide, injected into the reaction 
tube without nitrogen carrier by using a proportioning pum; *ht have been beneficial 


Copper-catalysed reaction of ethyl chloride with arsenic 


A mixture of 40 g of arsenic powder and 8 g of copper ed i ea n tube to 340, and 
ethyl chloride was introduced at a rate of 3 cm® of gas pe e at m temperature. Over an 
interval of 120 hr 2 3g of liquid pr ducts were obtained I { tion gave a colourless 
liquid, b.p. 48-50°/64 mm. The chlorine content was 23+ er ‘ h les between that of 
(C,H,),AsCl (21-04 per cent) and that of C,H,AsCl, (40 rhese data indicate that the 


rincipal product was diethylchloroarsine. f 
2 


Silver-catalysed reaction of chlorobenzene with arsenit 


A mixture of 40 g of pulverized arsenic and 8 g of s eat 400, and a stream 
of hydrogen passed through for 3 hr. Then the ter peratu ( / 520° and the vapour of 
chlorobenzene (carried by nitrogen) was introduced at a rate : { C.H,Cl per hour. A clea 
yellowish liquid was the reaction product. Overnight the liquid blackened and metallic arsenic was 


precipitated 


Fractional distillation of the product from an input of 95¢ { C,.H,Cl gave 2-5 g of yellowish 
liquid, b.p 160°-—170°/10 mm, which contained no arse i ( 28: H, 4-42: Cl, 30-85°%) 
The composition of this compound is therefore nearly the s t of C,H,Cl (Cale. C, 64-02 
H, 4-48; Cl, 31-5°), but the boiling point is much higher than tl C.H.Cl. It probably consists of 


chlorinated polynuclear aromatics 


Copper- and zinc-catalysed reaction of bromobenz 


A mixture of 50 g of pulverized arsenic, 10 g of copper powde i5gof dust, supported on 
asbestos, was heated to 400° and a stream of hydri gen Was passe nhfor3hr. Then the tempera 
ture was increased to 500° and bromobenzene was introduced at a rate of 14-5 g/hr. A clear 


yellowish liquid was the reaction product 


Fractional distillation of the material from an input of 750 g of C,H, Br ga 

(1) b.p. 75-79°/760 mm, 60 g of C,H,, or 8-7 per ce 

(2) b.p. 149-156°/760 mm, 596 g of C,H,Br recovered, or &¢ [ € 

(3) b.p. 95-116°/10 mm, 32 g of C,H,AsBr, 

(4) b.p. 58-95°/0-05 mm, 3 g of unidentified product 

A careful re-fractionation of Fraction 3 yielded pure C,H,A 5g or per cent). (Ff id 
C, 22:74; H, 1-47; Br, 51-33. Calc. C, 23-10: H. 1-62: Br. 5] B ’ Silver as a catalyst the 
yield of C,H;AsBr, under the same conditions was 10 per ce stead of 1-1 per cent 

The same reaction was repeated at 600° and with a fu ting zone was 60 cm 
long instead of 30 cm. The tube was charged with a n f f As, 20 g of Cu and 10 g of 
Zn supported on 40 g of asbestos. Bromobenzene w f f 22:5 g/hr. From a 
input of 225 g of C,H,Br, 233 g of crude product t 1. | al distillation yielded 


(1) b.p. 51-78 760 mm, 69 g # CoH, or 30-7 per « 

(2) b.p. 38-110°/111 mm, 102 g of C,H,Br r 44-6 per 

(3) b.p. 95-116°/11 mm, 50 g of C,H,AsBr AsBr 

(4) b.p. to 150°/11 mm, 5 g of unidentified product or 2:4 per « 


Copper- and zinc-catalysed reaction of vinyl bromide with arser 

The reaction of CH,—CHBr with a contact mass exactly { me as that above, but at 460 
gave 100 g of liquid products in 29 hr. Fractional distillati yielded (besides HBr and unreacted 
vinyl bromide) 

(1) b.p. 24-60°/20 mm, 3-8 g of fore-run or 8-4 per cent 

(2) b.p. 60-64°/20 mm, 6 g of (CH,—CH)AsBr,* or 12-8 per cent 


* Reported boiling point in the literature 
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(3) b.p. 73-76°/14 mm, 22 g of (CH,—CH)AsBr, or 46-8 per cent; 
(4) b.p. 85-99°/14 mm, 15 g of AsBr, or 32 per cent 
The same reaction carried out at 350 produced nothing but a mirror of arsenic just beyond the 
heating zone. At 500° a much better yield per hour was obtained, but by far the greater part of the 
reaction product was AsBr, 

A similar experiment in which the proportion of zinc in the contact mass was doubled gave 

(1) b.p. 60-64°/20 mm, 4-8 g of (CH, —CH).AsBr or 3-3 per cent; 

(2) b.p. 73-76°/14 mm, 34-5 ¢ of CH.—CH AsBr, or 23-2 per cent 

(3) b.p. 85-93°/14 mm, 109-5 g of AsBr, or 73-5 per cent 
Copper- and zinc-catalysed reaction of vinyl chloride with arsenic 

A mixture of 50 g of arsenic, 10 g of copper and 5 g of zinc supported on 30 g of asbestos was 
heated to 400° in an atmosphere of H, for 3 hr, and then CH,—CHC! was introduced. Over an 
interval of 35-5 hr, 34 ¢ of liquid product was obtained. After the first distillation (b p. 100-130°), 
22 g of product was obtained, which Separated on standing at roon temperature into two layers 
rhe upper layer consisted of (« H.—CH),AsCl, b 105-106", 62 (= 26-2 per cent); the lower 
layer (16 g) was composed of what ippeared to be CH,—CHAsC], and AsCl,, which could not be 


separated by distillation 


Copper (\1) chloride catalysed reaction of methyl chloride with antimony 


A mixture of 40 g of pulverized antimony and 10 g of copper (II) « 


ride was heated to 450° for 


5 hr in a stream of hydrogen. In tt e first 3 hr SbCl, was formed. The ten perature was dropped to 


372° and the hydrogen was replaced by methyl chloride, introduced at i rate of 5 cm*/min at room 
temperature. Over an interval of 170 hr liquid pr ducts collected at a rate of 0-14 g/hr, which then 
1 


declined t » 0-04 g/hr The reaction product was fractionally distilled. It w is not possible to obtain a 
colourless liquid because after a short time the distillate always turned black. For this reason the 
remaining undistilled product was butylated with n-( sH,MeBr, hyd 


ammonium chloride, and then fractionally distilled The fractions were 


lysed with a solution of 


(1) (CH,).SbC,H,, b p. 37-65°/15 mm. (This product contained | 
Grignard) which could not be separated from (CH,).SbC,H, by 
chief product was isolated from this fraction as the CH,I adduc 
by adding excess CH,I at room temperature). (Found: C, 23-78; H, 5-25: [. 36-39. 
Cale. C, 23-96; H, 5-17: L. 36 17%). The yield was 3-55 ¢ ¢ rresponding to 1-89 g of 
(CH,),SbCI (9-70 per cent). (2) ¢ H,Sb(C,H,)», b.p. 84-86°/9 mm. (Found: C. 42 97; H 
8:18. Calc. C, 43-06: H, 8-43°%) 

(2) The yield was 13-75 g, corresponding to 11-37 g of CH,SbCI, (58-21 per cent) 

(3) (C,H,),Sb, b.p. 118: /9 mm. (Found: C, 47-01: H. 9-25. ¢ alc. C, 49-17; H, 929%). The 
yield was 8-05 g, corresponding to 6-27 g of SbCl, (32-08 per cent) 


carbons (by-product from 
ins of distillation, so the 
(CH,),C,H,SbI, prepared 


Copper-catalysed reaction of methyl bromide with antimony 


A mixture of 100 g of pulverized antimony and 10 g of copper powder (on asbestos) was heated to 
350° in an atmosphere of hydrogen for 3 hr, and then CH,Br was introduced Over an interval of 32 
hr, 181 ¢ of liquid product was obtained. From the first distillation 149 g of liquid products were 
obtained, which yielded on fractionation: 

(1) b.p. 74-82°/14 mm, 57 g of (€ H,),SbBr (= 38 per cent), m.p. 85° (lit. 89°). (Found: Br, 

34:34; C, 11.13; H, 2 Calc. Br, 34-49; C, 10-36: H, 2-61°%) 

(2) b.p. 120-130°/14 mm, 60 g of CH,SbBr, (= 40 per cent), m.p. 42° (lil. 42°). (Found: Br, 

51-81°,). Calc. Br, 53-88°) 

(3) b.p. 136°/2 mm, 32 g of SbBr, (= 22°), m p. 93° (lit. 966°). (Found: Br, 64-15. Calc. 
Br, 66°32°,) 


Copper-catalysed reaction of bismuth with methyl chloride 

Forty grammes of pulverized bismuth and 8 g of copper powder were mixed and heated to 350 
Then methyl chloride was introduced at a rate of 5 cm*/min 
The temperature was varied over the range of 220°-350°, but in no case could any methyl bismuth 


in an atmosphere of hydrogen for 3 hr 


4 


l, 
q 


218 L. Mater, E. G. RocHow and W. C. Fernevrus 


- 


chloride be collected. The only reaction product was a metallic mirror of bismuth just beyond the 
heating zone. 


Copper-catalysed reaction of methyl bromide with bismuth 

A similar experiment with CH,Br gave no product at 350° or 300°, but at 250° a yellow crystalline 
solid was formed just beyond the heating zone. Over an interval of 16 hr 2 g of the yellow crystals 
were isolated. (Found: Br, 42:06; C, 3:17; H, 1-26. Calc. for CH,BiBr,: Br, 41-64; C, 3-13: 
H, 0-78 %). 
DISCUSSION 

This survey indicates that the reaction of hydrocarbon halides with Group V 
elements proceeds in much the same way as that with the elements of Group IV, 
and at temperatures which correspond quite closely. Just as the reaction of lower 
alkyl and aryl halides with silicon is a rather general reaction, but becomes less 
generally applicable to germanium" and almost specific for methyl chloride with tin, 
so the reaction is found here to be more general for arsenic than for antimony or 
bismuth. It appears that the reaction is applied most successfully to the synthesis of 
the methyl chloro- and bromoarsines, the vinyl bromoarsines, and the methyl 
bromostibines. In general, the hydrocarbon bromides give better yields than do the 
corresponding chlorides. 

It may also be concluded that CH,Br is partially pyrolysed at the reaction 
temperatures and the HBr so formed may react to form AsBr,, especially if the 
recovered bromide is recycled. At the reaction temperature, the tribromide converts 
(CH,),AsBr to CH;AsBr,,"° as can be shown by the deliberate addition of HBr to the 
methyl bromide (See Expt. 12, Table 1). The production of HBr by pyrolysis is less 
when glass wool is used as a support for the metal than when asbestos is used, and so 
the yield of methyl bromoarsines is better 

Vinyl bromide reacts poorly with arsenic when copper alone is used as a catalyst, 
but reacts better when copper and zinc are used jointly. Bromobenzene reacts better 
with arsenic when silver is used as a catalyst, but copper plus zinc may be used 
instead. Antimony reacts poorly with CH,Cl, but reasonably well with CH,Br. 
Any organobismuth halides formed in the direct reaction of bismuth are principally 
decomposed at the reaction temperature. The related reactions of phosphorus 
constitute a special case which is being studied separately.‘ 
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METALLIC COMPLEXES OF DIMETHYLSULPHOXIDI 


J. Secpin, W. E. Butt and L. H. Hotes. J 
Coates Chemical Laboratory. Louisiana S$ te Ur vy and the 


Chemistry Department, University of Tennesse 


Abstract—Stable crystalline complex compounds of dimet Ipt i DMSO) with metallic 
perchlor ites and/or halides h ive been prepare 1 and part Lily ter Dy their melt ng points 
and infra-red spectra in the 2-15 mw regior Evidence fror € tra ests that coordination 
through the oxygen is occ irring for all metals studied with the likely ption of Pd(Il). Most 
Striking about the compounds is that relatively stable anhydrous c plexes were obtained from 
hydrated salts suggesting a possible route to the preparation of anhydr ilts. With the divalent 
metals and Fe(III) the empirical formulas for the complexes of tl eS show one, two, or three 
moles of DMSO per mole of salt, suggesti ng that halogen is also coor ited in all cases. The 
aluminium chloride c ymplex with six DMSO molecules is ar exception. With the perchlorate salts 
the empirical formulas indicate maximum normal coord tion by DMSO in all cases except 
Pb(CIO,)..3DMSO, in which three-co-ordinatior appears likely. If the dec € in the strength of the 
S—O bond is taken as a measure of the ncrease in the oxygen—metal bond Strength, the following 


series of divalent ions arises 


Zn He Ni Mn Co Cd Fe Pb ( 


RECENTLY the compound dimethylsulphoxide (DMSO) has become generally available 
and its solvent action toward inor; ganic complexes Kise irs to be very promising. A 
survey of the literature on DMSO and on sulphoxides in general failed to reveal any 
Studies on the donor characteristics of these comp es It was therefore of interest 
to undertake such studies particularly since the possibility does exist for coordination 


by the R.S=O molecule to a metal ion through either the ulphur o1 the oxygen atom. 
That sulphoxides can act as donor molecules is suggested | me early work 
HOFMANN and Orr”). They reported in 1907 that from a reaction mixture consisting 
of toluene, thionyl chloride and ferric chloride. a crs illine product could be isolated 
which they formulated as (CH,C, H,).SO, FeCl,. Upon treatment of this compound 
with warm water they obtained tolylsulphoxide Similar compounds were reported to 
form from benzylsulphoxide and phenylsulph« xid ADDISON and SHELDON” 
reported more recently that when N,O, was used to oxidize alkyl < Iphides to sulph- 
oxides, addition compounds of the N 2O, with the latter could be isolated For 
example, with DMSO the | : | compound DMSO N,O, was obtained and the authors 
believed that the sulphur is the donor atom. That t! e oxygen in sulphoxides forms 
hydrogen bonds has been suggested by BARNARD ef a/.“), wi) reported that the 


characteristic S—O bond Stretching lrequencies of sulphones and sulphoxides are 
lowered by hydrogen bonding in the solvents CH ,OH or CHC] 

In a very recent study of the general behaviour of metal tet; rafluorides toward a 
variety of organic donor molecules, MUETTERTIES) reports the preparation of the 
following complexes of DMSO : MI ;,2DMSO, where M li, Zr, Si, Ge, Sn, Mo 


K. A HOFMANN and K Orr, Ber. Dtsch. ¢ hem. Ges. 40, 49% 07 

C. C. Appison and J. C. SHetpon, J. Chem. Sox 2705 (1956) 
*) D. BARNARD, J. M. Fapian and H. P. Kocn, J. Chem. Soc. 2442 (1 149), 
E. L. Muerrerties, J. Amer. Chem. 82, 1082 (1960) 
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We report the preparation and partial characterization of crystalline DMSO 
complexes of twenty-two metallic salts representing twelve different metals. The new 
compounds, perchlorates and halides, with their respective stoicheiometries, colours 
and melting points are listed in Table | along with the position of the perturbed S=O 
and stretching frequencies. 


DMSO ComPLEXES, COLOURS, MELTING POINTS AND INFRA-RED 
S=O AND C—S FREQUENCIES IN 


TABLE | 


s=O C—S§ 
Compound Colour mp CN band max.* band max.* 
DMSO 1053 697 
Zn(ClO,),.4DMSO white 73-74 1018 717 
AICI, 6DMSO white (1009) (727) 
Hg l.DMSO white 125-126 1005( 1030) 
NiCl,-3DMSO blue 67 1004(999) 716(714) 
Ni(C1O,),.,6DMSO light green explodes 1002 716 
Mn(ClO,),6DMSO white | 210-5~212 1001 716 
Co(ClO,),.6DMSO | pink 242-244 1000 717 
CoCl,, 3DMSO blue 97-99 999( 1000) 717(713) 
CdBr,-DMSO | white | 173 (996) (709) 
Ga(ClO,),,6DMSO white explodes 993 727 
CdCl,-DMSO | white | decomposes 991 716 
Fe(ClO,),..6DMSO light yellow explodes 989 723 
CuBr,-2DMSO orange | dec. 115 (989) (724) 
Fe(ClO,),6DMSO yellow green explodes 9R8 723 
FeCl,-2DMSO yellow 106-108 988(981) 722(720) 
PbCl,-DMSO white 987 724 
CuCl,-DMSO orange dec. 125 (987) (726) 
Pb(CIO,)..3DMSO white 124-127 986 710 
Cu(Clo,),. 4DMSO aqua explodes 986 722 
CuCl,-2DMSO light green 153-155 980(987) 728(726) 
PbBr,-DMSO white 978 714 
PdCl,:-2DMSO | yellow 202-2035 | 1118 732 
PtCl,-yDMSO | impure | —~1110 737(724) 
| | 


(1030-1040) 


* Values in parentheses were obtained in KBr pellets, others fron Nujol mulls 


EXPERIMENTAI 
A. Preparation of compounds 


All chemicals were of at least reagent grade quality and except for the DMSO, which was vacuum 
distilled, they were used without further purification 

Co(ClO,),,6DMSO, Zn(ClO,)..4DMSO. The appropriate hydrated salt was dissolved in a 
minimum amount of acetone and a slight excess of DMSO added. On cox ling, crystals were obtained 
which were recrystallized from acetone. (Found: ClO,, 27-3: Co, 7-97. Calc. for Co(€ 104)» 
6C,H,SO: ClO,, 27-38; Co, 8-13. Found: ClO,, 34-70: Zn, 11-0 Calc. for Zn(« 10,).4C,H,SO: 
ClO,, 34°55; Zn, 11-3). 

Fe(ClO,),6DMSO, Ga(ClO,),6DMSO. The hydrated salt was dissolved in acetone and DMSO 
added. The solid complex precipitates immediately and is quite insoluble in acetone. The complex 
was purified by washing it thoroughly several times with hot acetone which removed any excess salt 
or DMSO. (Found: ClO,, 36-0. Calc. for Fe(ClO,), 6C,H,SO: ClO,, 36-38. Found: ClO,, 35-4 
Calc. for Ga(ClO,),6C,H,SO: ClO,, 35-8°%) 

Mn(C10,),..6DMSO. The hydrated salt was dissolved in acetone and DMSO added. Better 
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crystals were obtained if the salt was present in slight excess instead of the DMSO as in other cases 
The complex was recrystallized from acetone containing a small amount of ether to reduce its 
solubility. (Found: ClO,, 27-3. Calc. for Mni€ 10,),6C,H,SO: ClO,. 27-6°%) 

Cul¢ 4DMSO, Ni(€ 10,4). 6DMSO The hydrated salt was 
volume of ether added and then DMSO. Crystals were obtained in me tely or upon cooling in ice 
Both complexes were recrystallized from acetone. (Found: ClO,, 34-2: Cu. 10-4 Cale. for 
ClO,, 34-62: Cu. 11-05 Found: ClO,, 27-5; Ni, 8-15. Calc. for 10,), 
6C.H,SO: ClO,, 27-4: Ni, 832%) 


ved in ethanol. an equal 


Pb(CIO,)..3DMSO. The hydrated salt was dissolved in ethanol equal volume of ether added 
then DMSO. A slight excess of the salt was used. The complex ap solvates readily so an 
excess of DMSO is undesirable. The product was recrystallized from acetone. (F ound: ClO,, 31-0: 
Pb, 31-8. Calc. for Pb(CIO,),-6« ClO,, 30-86: Pb, 32 


Fe(ClO,),.6DMSO. The hydrated salt was dissolved in acteone and DMSO added. The soluti on 


clouded at once and upon cooling light-green crystals were deposited. On heating the product in 


acetone a yellow solid was left undissolved presumably some iron(II1) compound. and the solution 


yielded very light green crystals upon cooling. The product decom es wly on standing. even in 
the absence of light, moisture and oxygen. (Found: ClO,, 30-5 ulc. for Fe(ClO,),-6C,H,SO 
C1O,, 27-5) 

CoCl,-3DMSO. (a) The hexahydrated salt was dissolved in acetone and a slight excess of DMSO 
added. On cooling crystals were obtained which were recry stallized from acetone. (b). The hydrated 
salt was dissolved in hot DMSO and c ling produced blue crystals und: Cl, 19-2 
DMSO, 64-2; C, 19-81; H, 5-34. Cale for CoCl,-3C.H,SO: Cl, 19-5; Co, 16-2: DMSO. 64-3 
19:78; H, 4-98 °%) 

NiCl,3DMSO. The hydrated salt was heated in air (over a flame) until a uniform yellow-coloured 
product was obtained. This “dried” Ni¢ 1, was added to pure DMSO. The solution underwent the 
following color changes: yellow to green to blue. The DMSO solution was warmed to boiling and 
the undissolved NiCl, was removed by filtration Cooling of the filtrate resulted in formation of 
blue crystals of the complex. Care was necessary to prevent exposul the compound to the atmo- 
sphere because of its strong hydroscopic tendencies. The product was washed with benzene and dried 
in vacuo. (Found: Cl, 18-0: DMSO. 63-6; C, 18-73: H, 5-30. Cale r NiCl,-3C,H,SO: Cl. 19-5: 
DMSO, 64:5; C, 19-80: H. 4-90°%) 

CuCl,-2DMSO. (a) Anhydrous Cu |, was dissolved in DMSO with t! ‘lution of heat; crystals 
were obtained upon cooling, filtered and washed with ether. (b) DMSO vy added to a saturated 
solution of anhydrous ¢ uCl, in absolute ethanol. a green solution re A small volume of 
water was added to this solution and then ether. which caused cryst the green product 
The crystals were washed with ether after filtration. (Found: Cu, 21-84: C 3; DMSO, 53-3: 
C, 1642; H, 4:39. Calc. for CuCl,-2C,H,SO: Cu. 21-85: Cl 24-4; DMSO, 53-7: C. 16-52: H 
4-16 ) 

CuCl,,DMSO. DMSO was added to a saturated solution of anhydrous CuCl, in absolute ethanol 
producing a green solution. Addition of ether resulted in the formation of a br ght orange crystalline 
solid. The product was isolated by filtration in a drv atmo pher inge complex is very 
hygroscopic. (Found: Cu, 29-5: Cl. 33-6 DMSO, 37-2 H, 3 Calc. for CuCl, 
C,H,SO: Cu, 29-9; Cl, 33-4: DMSO. 36-7: C. 1] 30; H,2 

CuBr,2DMSO. Addition of DMSO to anhydrous CuBr. diss: lved ibsolute ethanol yielded 
Orange crystals of the complex. These were collected by filtration and w ed with absolute ethanol 
(Found: Cu, 16-7, Br, 43-5; DMSO, 38-2. Calc for CuBr,-2C,H,SO: ¢ 67; Br, 42-2; DMSO, 
41-2°.). (This DMSO analysis included t correction for oxidation of Br~ to Br, as well as oxidation 
of DMSO. See analytical procedures below.) 

HgCl,,DMSO. (a) HgCl, was dissolved in DMSO at u cooling produced white 
crystals which were recrystallized twice from acet ne. (b) saturated etheral solution of HgCl, 
was treated with DMSO white crystals forming immediately. These were shed with ether and 
air-dried. (Found: Cl, 19-9, 20-9; DMSO, 21-2. Cale. for HeC! Cl, 20-3; DMSO, 
22:3 %) 


was then added; the oil obtained could not be solidified by « ther c The oil was pl aced 


FeCl,-2DMSO. (a) Anhydrous FeCl. was dissolved in ether and so lid filtered off. DMSO 


in a vacuum for 10 hr whereup yn a yellow solid was obtained which after crushing was easily 
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recrystallized from acetone, washed with ether and vacuum-dried. (b) The hexahydrated chloride 


was dissolved in hot DMSO. Cooling the solution vielded vellow crystals of the complex. Recrystal- 


lization was effected from ethanol. No water bands were observed in the infra-red spectrum. (Found 
Cl, 35-5; DMSO, 46-7; C, 14-57; H, 3-77. Calc. for FeCl. H,SO: Cl, 35-5; DMSO, 49-1: C. 
15-05; H, 380°.) 

AICI, 6DMSO. Anhydrous AICI, dissolved in ether si lution was treated dropwise with DMSO 
The white complex precipitated immediately and was washed with ether. It is very hygroscopic. 
(Found: Cl, 17-7; DMSO, 75-1. Calc. for AICI. -6¢ H,SO: Cl, 17:7; DMSO. 77-8°%) 


PdCl,2DMSO. Palladium chloride was dissolved in DMSO at an elevated temperature, the bi 
excess being filtered off if necessary. and upon cooling yellow crystals were obtained which are a 
insoluble in acetone. ether and ethanol Purific 110N Was acc ymplished by refluxing the solid in a a 
3:1 acetone-ethanol mixture. (Found: 31-75. Calc. for PdCl,-2C,H,SO: Pd, 31-90") 

Cd l, DMSO The dihydrate was dissolved in hot DMSO and the solution cooled Addition of ; 
ether promoted crystallizatior [he white product was filtered and washed with ether. (Found 


Cl, 27-4, 268; DMSO, 29-8. Calc. for CdCly-C,H,SO: Cl, 27-2: DMSO. 29-9°%) 

CdBr,,DMSO. An ethereal solution of CdBr, was treated with DMSO. White crystals of the 
complex formed immediately and were filtered and washed with ether. (Found: Br, 44-8, 45-4: C. 
6°98; H, 2-01. Calc. for CdBr,-C,H,SO: Br, 45-7: C. 6-86: H. 1-73°%) 

PbCl,-DMSO, PbBr,-DMSO. The lead halide was dissolved in DMSO at an elevated temperature 
and then the solution cooled until crystallization occurred. The filtered crystals were washed with 
hot acetone and dried in a vacuum. (Found: 19-4. ( alc. for PbCl,-C,H,SO: Cl, 19-9°%). Found: 
37-8. Calc. for PbBr,-C,H,SO: Br, 38-6 


All compounds were stored in a vacuum desiccator to prevent their taking up moisture 


B. Analytical procedures 


Perchlorate analyses were obtained by precipitation with nitror Halogen analyses were obtained 
by standard volumetric procedures using either He(NO,), or AgNO, as titrant DMSO was analysed Vol 
by dissolving the complex in water and following the procecure of DouGLas 
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Metal analyses were obtained by specific grav metric procedures found in standard texts. Carbon 


and hydrogen were determined by a commercial an alytical laboratory 


Infra-red spectra 


Infra-red spectra in the 2-15 uw region wer b 1 wit Perkin-Elmer Model 21 Recording 
Spectrophotometer employing Nat tics. The 1 DMSO was run as a i NaCl window 
Most of the compounds were rur N mu KBr} t erally the poorer spectrum 
presumably owing to partial dec t i the con j 


DISCUSSION OF RESULTS 


It appears that of the twenty-t different DMSO compiexes prepared in this 
study there are no less than nit cheiometrn types co pounds rhese 
are listed in Table 2 along with tentative suggested formule for the specific metals 
lhe first three formule are based upon the re at is ption that the perchlorate 
10n will not co-ordinate to a metal ion particularly if other ligands are present. The 


fourth formula, for the lead compound, ts unusual in thatit Suggests three-co-ordination 


for the lead. The fifth formula, for the aluminium co! pound, seems reasonable since 


aluminium will alwavs prefer to satisfy its co-ordination number with oxvgen donors 


in preference to chloride ions. The formula for the ferric chloride compound is 


undoubtedly unusual and the suggested formula is pure speculation at this time 


This compound, with the ones to be mentioned next warrant further investigation. 
The tentative formula suggestion lor compound type number seven has some support 
from both the colour of the Co and Ni compounds and from their infra-red spectra. 


” F. J. Wetcuer, Organic Analytical Reagents. Van Nostrand, New York (1947). 
*’ T. B. DouGtas, J. Amer. Chem. Sox 68, 1076 (1946) 
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Both compounds have the deep blue colour characteristic of the tetrahedrally co- 
ordinated anion [MCI,]*- (M = Co or Ni), rather than the weal pink or green colour 
of the hexaco-ordinated Co(II) or Ni(II). Formulation of the cation foreach compound 
as [M(DMSO),}** is strongly indicated by the near-identical infra-red spectra found 
for these halide complexes and the corresponding hexaco-ordinated perchlorate 
complexes discussed above (see Table 1). These compounds deserve further investi- 
gation; particularly valuable for verifying the suggested formule would be very 
accurate magnetic determinations and visible—ultra-violet spectral data 


, 


TABLE STOICHEIOMETRIK TYPES OF COMPLEXES 


| 
( ompour d type Tent | Metal, M* 
l M(CIO,), 6DMSO [M(DMSO),(CIO,) Gra 
2 M(C1O,).6DMSO M(DMSO),(C1IO,) Ni Mn Fe 
M(CIO,),. 4DMSO Zn Cu 

4 M(CIO,). 3DMSO [Pb( DMSO), (CIO,), Pb 
MCI, 6DMSO Al DMSO), Al 
¢ MCI,-2DMSO Fe(DMSO),CL Fe 
7 MCI, 3DMSO Mi DMSO)IMC 1,] i WN 
MX, 2DMSO M(DMSO),.X,] | Cu(X=Br) < Cu(X=C) < Pd (X=Ch 
MX.-DMSO M(DMSO)X,) He(X =< Cd (X= Br 


* The order i that of d ising S—O frequency is b tatively assumed to be 


directly proport reasing oxygen—metal bond strenet! 


Since Cu(I]) and Pd(Il) are almost invariably four-co-ordinate the formulation 


given for number eight is reasonable. Conductivity data. not yet available, should 
verify this suggestion. Likewise three-co-ordinati: n, suggest nm number nine for 
He(Il), Cd, Pb(11) and Cu(11), is not unlikely and might be arly verified. However. 
the solid stafe co-ordination nun ber may well be larger as for the well-known 


complexes,” CuCl,~, CdCl,~ and HeCl, 
Perhaps the most striking feature of all of the complexes prepared is the lack of 


water of any kind in their formulations. None of the infra-red «n tra contain bands 


due to water, co-ordinated or otherwise, yet almost all con plexes were obtained using 
hydrated salts as starting materials. The careful removal of th DMSO from the 


anhydrous complexes may provide a general route to anhydrous salts. This is now 
inder investigation 

[he assignment of the very strong and broad 1053 cm”! band in the spectra of pure 
liquid DMSO (run on a thin film san ple) is made on the basis of the literature summary 
on sulphur—oxygen frequencies by BeLLAmMy"?. Our spectral results with the metallic 
complexes of DMSO lend additional support to the assignment. The moderately 


strong band at 697 cm~™ is assigned to the C—S Stretching vidration, again on the 


basis of BELLAMY’s literature summarv he shift in this band found for the metallic 
complexes supports this assignment also. 
H. Brasseur and L. Pauuina. J. Amer. Che m. Soc. 6B, 2886 (1938) 


’ L. J. Bettwamy, The Infra-red Spectra of ¢ mpiex Molecules (2nd Ed.) pp. 350-366. John Wiley, New 
York (1958) 


a 
‘a 
| Cd(X—Cl) PD(A=Cl) 
| Cu(X=Cl) < Pb(X=Br) 
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That the sulphur—oxygen bond in sulphoxides (and sulphones) has considerable 
double bond character has received both experimental” and theoretical support. 
It is expected then that co-ordination through the oxygen of the sulphoxide to a metal 
ion will reduce the double bond character and shift the SO stretching frequency to 
lower values. SHELDON and Tyree" studied the P—O band in the infra-red spectra 
of solid addition compounds between POX, (X Cl, C,H,;) compounds and metal 
halides and found a shift to lower frequencies with respect to the pure POX,. They 
interpreted this shift as suggesting bonding through oxygen. Likewise the shift 
to lower frequencies (See Table 1) of the S—O band found in this study with all 
DMSO compounds except the Pd(II) one (and an impure Pt(II) one) strongly suggests 
coordination through the oxygen. The magnitude of the shift to lower frequencies 
varies from 35 to 75 cm™ in the compounds reported. The shift to a higher frequency 
(by 100 cm") in the case of the Pd(I1) compound would seem to rule out co-ordination 
through oxygen and suggests that sulphur co-ordination is occurring. 

If it is assumed that the decrease in the strength of the S—O bond corresponds to 
an increase in the strength of the oxygen-metal bond. The following stability series 
arise: (a) for divalent chlorides, 


Hg < Ni < Co < Cd < Pb < Cu; (b) for divalent perchlorates, 


Ni < Mn < Co < Fe < Pb < Cu; (c) for trivalent ions, Al < Ga < Fe. 


The C—S band for all complexes studied is shifted to higher frequencies indicating 
a strengthening of this bond. The shifts range in magnitude from 12 to 35 cm, the 
latter value being for the Pd(II1) compound. 

Analogous complexes are formed by diphenylsulphoxide (DPSO) and these are 
now being prepared and investigated. It is interesting that all of the metal ions 
reported here which form DMSO complexes have been found to form stable DPSO 
complexes except for Pd(II). The replacement of methyl groups with phenyl groups 
on the sulphur may hinder the expected sulphur co-ordination for this metal. 


Note added in proof: F. A. Cotton and R. Francis [J. Amer. Chem. Soc. 82, 2986 (1960)] have recently 
reported the preparation and preliminary study of a large number (35) of metallic complexes of dimethyl- 
sulphoxide. They have characterized several of them by spectral and magnetic measurements and their 
results confirm our infra-red results which have indicated metal to sulphur bonding only in a palladium 
complex. It is of interest that many of the structures which we have suggested are substantiated by their 
more thorough study of the properties of these new complexes. 


‘*) G. M. Puicuips, J. S. HUNTER and L. E. Sutton, J. Chem. Soc. 146 (1945). 

(1) H. P. Kocu, J. Chem. Soc. 408 (1949); H. P. Kocu and W. Morritt, Trans. Faraday Soc. 47, 7 (1951). 
W. Morritt, Proc. Roy. Soc. A 200, 409 (1950). 

0) J. C. SHELDON and S. Y. Tyree, J. Amer. Chem. Soc. 80, 4775 (1958). 
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DEUTEROFLUOBORIC ACID AND NITRON 
DEUTEROTETRAFLUOROBORATE 


THE STRUCTURE OF NITRON SALTS 


G. A. OLAH 


Exploratory Research Laboratory, Dow Chemical of Canada, Sarnia, Ontario 
(Received 26 May 1960) 


Abstract—Deuterofluoboric acid was prepared from deuteroboric acid and deuterium fluoride or 
anhydrous silver tetrafluoroborate and deuterium chloride. It was analysed in the form of the 
insoluble nitron-DBF, salt. A structural investigation of the salt resulted in suggesting an aromatic 
triazolium tetrafluoroborate structure. Similar structures are proposed for other nitron salts used in 
inorganic analytical chemistry. 
DEUTEROFLUOBORIC acid was required for experimental work. No description of the 
compound could be found in the literature, although in a previous paper we 
mentioned"* that anhydrous DF and BF, behave like DBF, in the presence of a 
nucleophilic deuteron acceptor and the system can be used as a deuterating agent 
for aromatic hydrocarbons. 

In order to obtain deuterofluoboric acid in heavy water solution an analogy of the 
fluoboric acid preparation was carried out by use of deuteroboric acid and a solution 
of DF in heavy water 


D,BO, + 4DF _:°,. DBF, + 3D,0 


Deuteroboric acid was obtained by deuterolysis of BCI, 
2BCl, + 6D,0 6DCI + 2D,BO, 


Heavy water solutions of DF could be conveniently prepared by dissolving anhydrous 
silver fluoride in heavy water and reacting it with the equivalent amount of DCI 
or DBr. 

A more suitable method of preparation was found in the reaction of anhydrous 
silver tetrafluoroborate (in heavy water or organic solution) with anhydrous DCI 
(or DBr) 

AgBF, + DCl— AgCl + DBF, 
Deuterofluoboric acid, similarly to fluoboric acid, is non-existent in the absence 
of deuteron acceptor solvents. It was found from BF, vapour pressure measurements 
that anhydrous DF and BF, did not form DBF, in the temperature range of 
-+-20 to —100°C.* 

For its analytical determination deuterofluoboric acid can be titrated similarly 
to fluoboric acid or determined gravimetrically in the form of the stable, insoluble 
nitron—DBF, salt. 


* Solubility and conductivity measurements of BF, in liquid, anhydrous DF point however to the 
equilibrium BF, + 2DF = D,F* BF,~, similarly to the one postulated by Kitpatrick'”’ for the 
anhydrous HF-BF, system. In anhydrous DF as solvent autodeuterolysis takes place DF + DF = 
D,F+ + F- (or DF,~) and boron trifluoride displaces the equilibrium to the right by the reaction 
BF, + F = BF,. 

G. A. Oran and S. J. Kunn, J. Amer. Chem. Soc. 80, 6535 (1958); M. Kicpatrick and 
F. E. Lusorszxy, J. Amer. Chem. Soc. 76, 5865 (1954). 
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The preparation of nitron-DBF, offered a possibility to investigate the structure 
of nitron salts. Nitron and related “endomethylene” compounds were first described 
by BuscH’. The low solubility of nitron salts made nitron a useful reagent in 
inorganic analytical chemistry. The nitron method is used in the gravimetric 
determination of nitrates, perchlorates, tetrafluoroborates and perrhenates. 

The endocyclic structure for nitron 


C,H;—N N 


proposed by Buscu, was not acceptable because of stereochemical data'®’ and results 


of investigation of its basic degradation products.) SCHONBERG™) was the first to 


Suggest a “Zwitter-ion”’ structure for nitron, which was later found to be in agreement 


with the observed high dipole moment of nitron. Some of the possible contributing 


Zwitter-10n structures for nitron may be formulated: 


HC 
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5 


introduced the ter meso-ionic for molecules with a mesomeric structure 


SIMPSO 


derived from a number of ionic (in the sense of zwitterionic) forms. He also suggested 


the use of the symbol \ccordingly the structure of nitron as a meso-ionic 


compound can best be represented in the following way 


M. Buscu, Ber. Dtsch. Chen es. 38, 859 (1905). 
A. SCHONBERG. J. Che Ss: R24 (1938) 


* R. KuHN and H. Karner, Ange Chem. 65, 442 (1953) 
F. L. Warren, J. Chem. Soc. 1100 (1938) 
‘6) J. C. E. Simpson, J. Chem. Soc. 95 (1946) 


') For a comprehensive treatment of the topic see W. Baker and W. D. OLtts, Quart. Rev. 11, 15 (1957). 


| CH 
N | 
HC 
N 
C,H, 
HC N—C,H, = 
C,H;—N C—N—C,H, ~~ CH—N 
HC N—C,H, HC N—C,H, 
C—N—C,H, *> C,H, C=N—C,H, 
| N 
CoH. 
N N-—C.H 
Meso- ionic structure of nitror 
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All the atoms taking part in the hydbrid structure are shown as linked by single 
bonds only. The bright yellow colour of nitron however obviously points to a high 
degree of participation of the structures involy ing an exocyclic C—=N bond possibly 
conjugated with the ring unsaturation. 

Nitron-DBF, is colourless or slightly greyish white, similar to other nitron salts. 


It melts at 227-227-5° (uncorrected). It has a high stability against aqueous HCl 
and other aqueous acids even at 200°C (with obvious deuterium hydrogen exchange 


( PERCENT) 


TRANSMITTANCE 


250 260 270 260 290 wo 


1 spectrum of nitron—-DBF, 
(in methanol) 


taking place). Alcoholic potassium hydroxide. howeve legradates it to triphenyl 
guanidin which can be dehydrogenated to benzolazo dipheny! formamidine (m p. 104 
no melting point depression and agreement of infra-red spectrum with synthetic 
sample in accordance with KUHNs data."’) 

rhe ultra-violet and infra-red absorption spectra of nitron-DBF, were taken. 
Che ultra-violet absorption spectrum shows a strong absorption maximum at 248 my, 
characteristic of an aromatic type of structure. KUHN and KaINer™ observed 
similar maxima for nitron-HCl and nitron CH, I in methanol, but found the absorption 
maxima for nitron itself (indioxane) at 270 and 295 mu. Our findings show a strong 
absorption maximum at 250 my for nitron in methanol solution. The fact that 


the N-+ NH transition in 5-amino tetrazol and tetrazol respectively and similarly 
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in C,N-diphenyl-N’-5-tetrazoyl-tetrazolium betain and triphenyl tetrazolium chloride 
cause no remarkable shift of the absorption to the red, can explain this finding. 
Normal tetrazols® and triazols'® show only end absorption over 210 mu in the 


ultra-violet region, but their salts have maxima in the 250 mu region. 

lhe infra-red spectrum of nitron-DBF, was compared with that taken of nitron- 
HBF,. A strong N—D stretching frequency at 2432 cm-! and a C—D stretching 
frequancs at 2287 cm~' compared with the corresponding N—H stretching at 3300 cm= 
and C—H stretching at 3067 cm~ in nitron HBF,. The relative intensities obviously 
point to predominant N-deuteration (presumably at the exocyclic nitrogen, but the 


infra-red spectrum alone can not differentiate sufficient ly between this and the 


endocyclic N-deuteration) and some acid catalysed ring C-deuteration. The 
absorption peaks in the 1500-1650 cm=! region are attributed to the ring bendings 
in the heterocyclic ring. The strong broad maximum at 1060 cm-! is due to the 
BF, anion.* 

The high melting point, stability, resistance to acid hydrolysis, basic degradation 
products, absorption and NMR spectra of nitron deuterotetrafluoroborate 
(CooH,gN,-DBF,) could best be explained by assuming a highly stable aromatic type 
triazolium structure. It is therefore suggested that nitron DBF, is indeed 1,4- 
diphenyl-3-d-anilino-1,2,4-triazolium _ tetrafluoroborate (containing obviously a 
certain amount of ring deuterated C-5-d and possible ring N-d compounds) and the 


salt formation takes place in the following way. 


Similarly other nitron salts should be interpreted as |,2,4-triazolium salts. The 
riazolium cation possesses a highly stable aromatic structure and is closely related 
o the well known tetrazolium salt \ structure invol g primarily ring nitrogen 
deuteration) in nitron salts and consequently an exocyclic C=-N bond could be 


eliminated on the basis that this type of compounds should be easily hydrolysed by 


warming with aqueous HCI or other acids, a reaction not observed. even at 200 


with nitron salts 

[he structural problems connected with protonation and deuteration of meso ionic 
compounds with either stable, aromatic type cation formation or ring splitting and 
hydrolysis will be discussed from the organic point of view elsewhere. The author 
felt however that it was worthwhile to publish this part of his investigations in an 
inorganic journal, not only to report a new acid (deuterofluoboric acid) but.also due 
to the fact that nitron, widely used as an inorganic analytical reagent is still 


Note added in proof: High resolution nuclear magnetic proton resonance (at 30,008 Mc. water as 


external reference) gave for nitron in dimethylformamide solution a single proton line at 146-2 cps (the 
DMF aldehyde proton is superposed on the phenyl protons and does not interfere in this region). Nitron— 
HBF, gave two proton lines at 144-8 and 167-5 cps. Nitron-DBF, had only one proton line 


at 145-2 


* J. H. Brypon, R. A. Henry, W. G. Finneoan, R. H. Bosk HAN, W. S. McEwan and R. W. van Dotan, 
J. Amer. Chem. Soc. 75, 4863 (1953) 
R. A. Henry, W. G. FinneGan and E. Lieper J. Amer. Chem. Sox 76, 2894 (1954) 

* L. W. Hanrzet and F. R. Benson, J. Amer. Chem. Soc. 76, 667 (1954) 
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unfortunately misrepresented in many text books” and publications as an 
“endocyclic” compound, with salts of unknown structure 


EXPERIMENTAL 


The infra-red spectra were taken on a Perkin-Elmer Model 221 spectrophotometer using sodium 
chloride optics. The ultra-violet Spectra were obtained on a Beckman Model DK? spectropho- 
tometer using 10 mm quartz cells 


Deuterofluoboric acid from D,BO, and DI 


Six and one half grammes (0-1 mole) of deuteroboric acid were added in small portions and with 


exclusion of moisture to 14-0 g of a 60 per cent solution of deuterium fluoride in heavy water (equiva- 


lent to 8-4 g 0-4 mole of DF). The addition was carried out ina polyethylene flask, stirred with a 


Teflon coated magnetic stirrer and kept cold by immersion in iced-water. The temperature of the 
acid was not allowed to rise above 20°¢ After the addition was completed the mixture was stirred 


for 30 min. A 45° DBF, solution in D,O was obtained, as analysed in the form of nitron DBI ‘ 


Deuterofluoboric acid from anhydrous Ae BF, and DCI 


In 20 ml D,O 19-6 (0-1 mole) anhydrous silver tetrafluoroborate was dissolved. To this solution 


was added, durir 


g vigorous stirring and exclusion of air moisture, a solution of 3-45 g (0-1 mole) DCI 


in 15 ml D,O. Strong heat evolution was observed (cooling is needed if addition is too fast). and 


immediate precipitation of silver chloride. After the addition w is completed the reaction mixture was 


shaken at room temperature for hr. Thereafter the heavy water solution of the deuterofluoboric 


acid was filtered off from the silver chloride precipitate (in a filtering apparatus avoiding contact with 
air moisture). The silver chloride was washed twice with 2 ml portions of heavy water and the 
washings combined with the main product. A 18-5 DBF, solution in D,O was obtained. More 


ted 


concentrated solutions were prepared by reacting heavy water solutions of anhydrous AgBF, with 
‘ 


anhydrous DC! 


Nitron-DBF, 


In 10 ml dimethylformamide 6-24 g (0-02 mole) nitron was dissolved. 2-17 g (0-02 mole) DBE , Was 


added as a heavy water solutior The solution remained hom genous, although deeper coloured. 


The solution was thereafter diluted with 80 ml D,O. A light green coloured precipitate separated. 


After Standing in a refrigerator for 2 hr, the precipitate was filtered (with exclusion of air moisture) 
washed with two 2 ml portions of D,O and dried in a vacuum at 100°C over P.O, for § hr Yield 
7°83 g nitron—-DBF, (97-5°.) m p. 227-227-S°C (Found: N, 13-8: F, 18-6. Calc for .N,DBF, 
(mol. wt. 401-2) N, 13-4; F, 18-4°%) 


Acknowledgement—The author is indebted to Dr. D. Coox of this laboratory for obtaining the 
spectra and for help in their interpretation and to Dr E. B. BAKER, Physical Research | aboratory, 
The Dow ¢ nemicail Co., Midland. Mich. f r ¢ btaining the NMR snectr i 


As examples: J. Rosin, Reagent Chemical and Standards (3rd Ed.) p. 298. Van Nostrand. New York 
(1955); F. J. Wetcuer, Orga inalytical Reagents Vol. 3, p. 138. Van Nostrand. New York (1947); 
W. F. HiItcesranp. G E. F. | i H. A. Bricut and J. | HOFMANN ipplied Inorganic Analysis 
pp. 320, 788. John Wiley, New York (1953): A.] VOGEL, Quantitative Organic Anal) is (2nd Ed.) p. 123 


Longmans, Green, London (1951) 
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determine whether conjugation in a diene is really essential for the existence of an 
iron tricarbonyl complex 

The recent isolation in this laboratory of fairly stable 1,5-cyclo-octadiene 
derivatives of the Group VI metals [C,H,.“M(CO),, M = Cr, Mo, W], prepared in 
order to extend the limits of the region in the Periodic Table containing transition 
metals which form olefin complexes, made it seem possible that 1 ,5-cyclo-octadiene(1) 
might also form a complex with iron. Although it proved impossible to form a 
compound C,H,,"Fe(CO), by heating together iron pentacarbonyl and 1,5-cyclo- 
octadiene,"”) reaction between triiron dodecacarbonyl and cyclo-octadiene in refluxing 
benzene afforded cyclo-octadiene-iron tricarbonyl as a volatile orange liquid, 
solidifying just below room temperature to a yellow solid. The cyclo-octadiene-iron 
complex,* also formed by irradiating a mixture of iron pentacarbonyl and 1,5-cyclo- 
octadiene, is very unstable, decomposing in a few hours at room temperature, even 
when kept under nitrogen. The thermal and oxidative instability of cyclo-octadiene iron 
tricarbonyl, as opposed to butadiene-iron tricarbonyl, implies that conjugation 
in a diene leads to greater stability of the iron complex. However, besides differing 
in terms of conjugation and non-conjugation, 1,5-cyclo-octadiene and butadiene 
must have very different steric requirements. Consequently it seemed pertinent to 
study the reaction between triiron dodecacarbonyl and a |,4-non-conjugated diene 
in which the two double bonds are separated by only one sp*-hybridized carbon atom. 
1,4-Pentadiene was chosen as the diene for this study. When this pentadiene was 
heated with triiron dodecacarbonyl in refluxing 2,2,4-trimethylpentane, a yellow, 
easily purified, volatile liquid of composition C,H,-Fe(CO), was obtained. In contrast 
to C,H,,"Fe(CO),, the pentadiene complex has a stability comparable with that of 
butadiene-iron tricarbonyl. It can be handled in air for several hours without 
oxidation, and remains undecomposed at room temperature for weeks under nitrogen. 
The stability of this complex led to the suspicion that |,4-pentadiene had undergone 
rearrangement to 1,3-pentadiene in its reaction with triiron dodecacarbonyl at 100°, 
and that the C;H,-Fe(CO), complex was in fact |,3-pentadiene-iron tricarbonyl. 
This idea received further support from a study of the liquid film infra-red spectrum 
of the complex, which shows a band at 1380 cm™ indicative of a CH deformation 
frequency in a C—CH, group, and from a study of the NMR spectrum of the complex 
which shows a prominent peak at 1-40 p.p.m. (low-field side of tetramethylsilane) 
in the region expected for methyl group protons. In order to confirm that the C,H, 
moiety present in C;H,"Fe(CO), was 1,3-pentadiene the complex was heated with 
triphenylphosphine to bring about displacement of the hydrocarbon ligand. This 
treatment afforded pure trans-|,3-pentadiene. 

Formation of 1,3-pentadiene iron tricarbonyl from 1,4-pentadiene, as well as the 
existence of duroquinone-iron tricarbonyl,*) prompted an investigation of the reaction 
between triiron dodecacarbonyl and | ,4-dihydromesitylene(li) to determine whether 
1,4-double bonds, connected by an sp? carbon atom lacking a z-orbital to effect 
conjugation between them, in a six-membered ring were suitably disposed to form 

* After completion of this work we became aware through a personal communication that A. NaKa- 
MURA and N. HaGinara, Osaka Univ., Japan, independently have prepared C,H,,"Fe(CO),. 


*) T. A. Manuex and F. G. A. STONE, Chem. & Ind. 1349 (1959): see also M. A. BENNETT and 
G. WILKINSON, Jbid. 1516 (1959); E. O. Fiscuer and W. FROHLICH, Ber. 92, 2995 (1959). 

” T. A. Manugx and F. G. A. STONE, J. Amer. Chem Soc. 82, 366 (1960). 

R. Marksy, H. W. Sternsero and I. WenpeR, J. Amer. Chem. Soc. 80, 1009 (1958). 
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u-bonds with iron. A complex (CH sCgH,Fe(CO), of the expected stoicheiometry 
was obtained, but its nuclear magnetic resonance spectrum was in agreement with 
its being | ,3-dihydromesitylene iron tricarbonyl rather than | ,4-dihydromesitylene 
iron tricarbonyl 


As mentioned earlier, previous workers claimed that the reaction between 
isoprene and iron pentacarbony|l afforded a compound of « position (C;H,),Fe(CO), 
rather than the expected isoprene-iron tricarbonyl. This curious result appeared 
worth rein, estigation, especially in view of the ready d sation of isoprene under 
certain conditions to the diolefin dipentene (d,l-limonenes)(II]). found by other 
workers to form chelated olefir complexes with platinum However, in our hands. 


reaction between isoprene and iron 


pentacarbonyl yielded the expected isoprene—iron ti Pure limonenes* do 
not yield iron tricarbonyl derivatives, but a C,H,.-Fe(CO) derivative is easily 
formed from the conjugated diene z-terpinene(IV). Some t evidence for formation 
of this compound directly from isoprene and iron pentacarbonyl was obtained. 
but it could not be isolated. It is probable that the compound (C;H,),Fe(CO), 
of REIHLEN et al.” was merely impure isoprene-—iron tr irbonyl, contaminated by 
dipentene or other hydrocarbons produced from isopren ler the vigorous reaction 
conditions used. Indeed, to avoid side reactions i yprene-iron tricarbonyl is best 


prepared by irradiating a mixture of isoprene and iron pentacarbonyl with ultra-violet 
light or by reacting isoprene with triiron dodecacarbony! in refluxing benzene 


During our work reactions were studied between iron carbonyls and 1.,3-dienes 
possessing functional groups in conjugation with the diene system. in order to determine 
if iron would bond to any of the functional groups as well as to the diene system. 


thus giving an iron dicarbonyl complex. Ligands investigated were a series of 


butadienes which can be regarded as derivatives of |,3-pentadiene, CH,CH:CHCH: 


CHR(R CO,.C,H CO,H, CN CONH, COCH,, CHO), and 
illo6cimene (2,.6-dimethyl-2.4 6-octatrieneX V). With th exception of sorbic acid. 
the iron carbonyl derivatives obtained were volat vell to yellow-orange liquids 
or low-melting solids of composition L-Fe(CO),, where | represents the ligand 
taken for reaction. Sorbic acid afforded a non-volat rown material, soluble in 
organic solvents The infra-red spectrum of this materia probably polymeric 


in nature, shows C—O stretching bands indicating the presence of an iron tricarbonyl 


eroup. 
1 


It is interesting that even though the various sub ted 1,3-pentadienes have 


carbon-oxygen or carbon-—nitrogen multiple bond systems conjugated with the diene 


* Commerc monenes react with iron carbonyls to afford a ! CioHyg Fe(CO),. This com 
pound was ir ctly thought to lipenten ron tricarh< radation with tripher yiphos- 
phine was found to give « terpiner ind chromatography of comr enes established the presence 
of a4 terpinene a € as, aS previously ted p-cymene 


"J. L. M. VALLARINO and L. M. Venanzi. J. Cher 24 
lr. A. Manuet and F. G. A. Stone. Chem & Ind. 231 (1960) 
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system the resulting iror nplex contains t Fe(CQO). group. Even 
with three conjugated carbon-carbon doubl nd iflords an trol 
lerivat This was est ! mental analy ilysis for CO groups, iy the 
pre of an infra bsorpt at the ble 
bond stret ng nd | yf trical” with 
triphenylphosphine to give mene and (rans- 
tricarbonyl. Complexes of the type L-Fe(CO), where L 
1. Apparatus and preparation of reagents. Infra-red spectra 
EEE Ouble-beam spectrophoton witl lum chloride Om. 
recorded in carbon disulpl solution using 
40 Mc/s by a Varian Model 4300B high-resolution spectrome| 
Iriiron dodecacarbony! w prepared essentially by the same pr 
: where except that use of bror ev i ded, manganese dioxk 
potassium permanganate with ex ss of 25 per cent ethanol | .4-Pentadiene Es Was 4 
shown by gas chromatography to be better than 99 per cent pure. Ethyl sorbate was prepared by ; 
esterifying sorbic acid with ab te ethanol Sorb de was prepared by treating sorboyl 
chlor le with ammonia. and sorb nren h yzed condensation of acetone 
: with crotonaldehyde.'"*’ We are to the | ( ( cals Corporation for a gift of 
sorh le hexad nal) Norh 1 hy veed 1 of cvano- 
: acetic 1 with crotonaldehyd box cid produced ~<a 
1,4-Dihydromesitylene was pret 
2. 1,5-Cye \ lod irbonvl 
and 51 ixed for 12 hi 
inder nitroge Att t trat lier nitrogen, and 
removal of t ne at 20 I nN apparatus 
ind maint lat ( ed it, with the 
nrohe f hlimer if 16 
ct ron tr \ ( Hi 1. Cale. for 
C,,H,.0,Fe: C, 53-0: H. 4-8 quid which 
mas croa pnide nows 
vl bands at 2OR( 
3. Reaction het n triiror \ xtul truron 
bonyl (5-4 ¢. li 1 4-1 5-2 50 ml of 2,2,4 
trimethyipent D.p \ ur ri ALure W Mio room 
ature, filtered under nitrog ind at 15 mm to give CloW- tter 
blimed (60-70 /0-3 1 ) with the prob f Dparatus the 
lidify at 78°, it was necessary to ren e product from 
0-3 mm) yielded 1-0 g (15 per cent yield) of yellow liquid ¢ 
=H, 3-8. Calcd. for C,H,O,Fe: C, 46:2: H. 38°). The analytical 
25°/0-3 mm for 10 min. The compound » volatile that if held at such a red J 
* Since the work described in tl paper was completed, the r ion between [7 iron 
has been reinvestigat give a ntaining 
as that reported'*’ for thiopher licarbor 
L. D. and F. G. A. Stone, J. A. 82, 
Ex, Anorg. Chem. 204, 165 (1932); W. Hieper and G. 
RicG and R. Rost iAL, J. Amer. Chem. S 71, 2865 (1949) 
KUZNETSOVA. Uch Za ratov. Gosu NV. G. Chernysh (0, Nauch 
Trud Student 80 (19 Che { 62% 
BRUYLA ind J. R Chim. Belg. 89, 244 (19 
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longer time considerable loss of sample will occur. The infra-red spectrum taken in carbon disulphide 
solution shows C—O bands at 2052 and 1980 cm~ An infra-red spectrum of a liquid film (0-015 mm) 
of the complex C,H,:Fe(CO), showed, in addition to very strong carbonyl! absorptions, strong bands 
at 2967, 1451, 1381, 1030 and 667 cm™ 

A. 300 meg (1°44 mmole) sample of C,H,-Fe(CO), was heated with excess of triphenylphosphine in 
an evacuated Pyrex bulb for 15 hr at 150°. On opening the bulb to the vacuum line fractionation 


afforded 0-933 mmole (65 per cent of theory) of gas, the infra-red spectrum of which was identical 
with the published'”’ spectrum of frans-1,3-pentadiene. In a series of independent experiments, 
1,4-pentadiene itself was heated at 160° with triphenylphosphine and with bis (triphenylphosphine) 
iron tricarbonyl (product of the reaction between C,H,-Fe(CO), and triphenylphosphine) No 
rearrangement of 1,4-pentadiene to 1,3-pentadiene took place under these conditions 

4. Reaction between triiron dodecacarbonyl and 1 ,4-dihydromesitylene. Triiron dodecacarbonyl 


(3-4 g, 68 mmole), and 4-2 g of a mixture’ containing mesitylene. tetr ihydromesitylene, and 32° 


1 ,4-dihydromesitylene (1 3 g, 10-1 mmoles) dissolved in 40 ml benzene was refluxed under nitrogen 
for 19 hr. Filtration and evaporation of the filtrate, followed by chromat graphy with pentane, gavea 
yellow oil, which was further purified by sublimation (35°/0-1 mm), yielded 310 mg (12 per cent 
yield) of complex (Found: C, 55-2; H, 5-4. Cale. for ¢ ‘12H, ,O,Fe: C, 55-0; H, 5-4°%). The com- 
pound possesses carbonyl stretching frequencies at 2037 cm! and 1969 cm-' in carbon disulphide 


solution. The nuclear magnetic resonance spectrum indicates that the iron tricarbonyl complex lacks 
the two-fold symmetry expected of a 1,4-hexadiene derivative. The spectrum finds a reasonable 


‘ H,C 


Fe 


ccc 
000 


explanation in terms of structure (VI). Relative to the low-field side of tetramethylsilane. proton 


resonances occur at 5-17 p.p.m. (assigned to H,,,, analogous to the positions of similar protons in 


isoprene— and butadiene-iron tricarbonyl), 2-92 p.p.m. (assigned to H,,,), 2-15 p-p-m. and shoulder on 


peak at 2-07 p.p.m. (assigned to —-CH,,,,), 2:07 p-p-m. (assigned to protons H,,,, analogous to 


position of CH, proton resonance in isoprene-iron tricarbonyl), 1-55 p.p.m. (assigned to protons 
H,;,), 0.93 p.p.m. (doublet, protons H,,, split by H,;,). The peak due to H,,, must lie either under 
the standard peak or that at 1-55 p.p.m. if its chemical shift is an tlogous to that of similar protons in 
isoprene— or butadiene-iron tricarbony] 


5. lsoprene-iron tricarbonyl. A mixture of isoprene (60 ml, 600 mmole) and iron pentacarbonyl 


(60 ml, 447 mmole) was irradiated with a sun lamp for 44 hr. The re ilting orange solution was 


concentrated and chromatographed on alumina. Elution with isohexane gave an orange cluate 


The eluate was evaporated, but the infra-red spectrum of the remaining oil showed a band at 
1640 cm! characteristic of an unsaturated impurity. The oil was, therefore, re chromatographed four 
additional times. | vaporation of the final eluate yielded 1-0 g of a yellow liquid, hav ing no band in its 
infra-red spectrum at 1640 cm lhe yield of pure isoprene-iron tricarbonyl was only 1 per cent, but 


the long purification procedure introduced considerable losses. Is« prene-iron tricarbonyl (Found: 
C, 46-3; H, 38. Calc. for C,H,O,Fe: C, 46-2; H, 3-8°%) has carbonyl bands in its infra-red spectrum 
(carbon disulphide solution) at 2049 and 1980 cm™'. The infra-red spectrum taken as a liquid film 
(0-015 mm) has, besides the carbony! absorptions, principal bands at 3003 (m), 2941 (m), 1481 (s), 
1443 (m, sh), 1429 (s), 1379 (s), 1170 (rm), 1060 (ww), 1033 (s). 990 (w). 972 ), 939 (w), 922 (w), 819 (mn), 
797 (w ), 771 (w) cm 

The nuclear magnetic resonance spectrum of isoprene-iron tricarbony! is quite analogous to that 
reported" for butadiene-iron tricarbonyl, indicating the similarity of the bonding in the two 


'” Catalog of Infra-red Spectral Data. American Petroleum Institute Rese arch Project 44. 
"") M. L. H. Green, L. Pratt and G. WiLKInson, J. Chem. Soc. 3753 (1959 
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complexes. Relative to low-field side of tetramethylsilane, resonances occur at 4-98 p.p.m. (relative 
intensity 1, ascribed to H,,,) and 2°15 p-p-m. (relative intensity 3, ascribed to methyl group protons), 
as well as groups of peaks (relative intensity 2 for each group) at 1-7, 1-5 p.p.m. and 0-42, 0-28, 0-05 
p-p-m. (ascribed to the CH, protons). Butadiene-iron tricarbonyl displays peaks at 5-28 p-p-m., 
1-68 p.p.m. and 0-22 p.p.m. 

6. Reaction between a-terpinene and triiron dodecacarbonyl.* A mixture of x-terpinene (1-1 g, 81 
mmole), and triiron dodecacarbonyl (4-0 g, 8 mmole) dissolved in 40 ml benzene was refluxed under 
nitrogen for 15 hr. Filtration followed by evaporation of solvent gave a yellow oil which was 
chromatographed on alumina with pentane. Evaporation of the eluate gave a yellow-orange oil 
which was purified by sublimation (50°/0-1 mm). In this manner 450 mg (20 per cent yield) of «- 
terpinene-iron tricarbonyl was obtained. (Found: C, 56-5: H, 5-8. Calc. for C,;H,,O,Fe: C, 56-5; 
H, 5-8%). 

The infra-red spectrum of «-terpinene-iron tricarbonyl (carbon disulphide solution) exhibits 
carbonyl absorptions at 2037 and 1965 cm-*. In addition the spectrum of a liquid film of the complex 
had principal bands at 2950 (s), 2882 (s), 1464 (s), 1445 (s), 1377 (s), 1362 (m), 1335 (m), 1300 (w). 
1232 (w), 1195 (s), 1182 (w, sh), 1160 (ow), 1082 (m), 1062 (w), 1036 (s), 1014 (w), 986 (m), 927 (ow), 
890 (w), 872 (m), 824 (m), 749 (m), 658 (s) cem™ 

7. Reaction between iron pentacarbonyl and isoprene at high temperature.’*’ A stainless-steel bomb, 
150 ml capacity, was loaded with isoprene (20 ml., 0-2 mole) and iron pentacarbonyl (25 ml, 0-18 
mole), and heated at 155° for 16 hr. After cooling the bomb to room temperature carbon monoxide 
pressure was released, the mixture filtered, and excess of reactants removed at 3 mm through a 40 cm 
Vigreaux column. The remaining liquid was chromatographed on alumina, a yellowish band eluted 
with isohexane, and the resulting golden-yellow solution concentrated to 6-4 g of an orange liquid. 
Analysis of this liquid (Found: C, 58-4; H, 58°), as well as its infra-red spectrum (in carbon 
disulphide solution carbonyl bands at 2049, 2037 and 1972 cm! were observed) showed that it was a 
mixture of isoprene-iron tricarbonyl, x-terpinene-iron tricarbonyl and hydrocarbon impurity 

In similar reactions to that described here it was possible to isolate isoprene-iron tricarbonyl by 
repeated chromatography However, x-terpinene-iron tricarbonyl! could not be completely separated 
from hydrocarbon impurities in these cases 

8. Allodcimene-iron tricarbonyl. A mixture of allodcimene (2:4 g, 18 mmole) and triiron dodeca- 
carbonyl (5 0 g, 10 mmole) dissolved in 40 ml benzene was refluxed under nitrogen for 22 hr. Fil- 
tration and evaporation of the filtrate left an orange oil. which was chromatographed on alumina. 
Evaporation of the yellow eluate left an « range oil, which was sublimed at 60°/0-2mm. The oily 
sublimate was dissolved in pentane and cooled to —78°. Filtration gave 320 mg (6-4 per cent yield) of 
allo6cimene-iron tricarbonyl, golden crystals of m.p. 47-48°. (Found: C, 56-2: H, 5-9: Fe. 193 
Calc. for C,s;H,,O,Fe: C, 56-5; H, 5-8: Fe, 202°) 

A 642 mg (0:23 mmole) sample of alloédcimene-iron tricarbonyl dissolved in 6 ml toluene and 
treated with 400 mg iodine, dissolved in 6 ml water containing potassium iodide, afforded 13-7 cm? 
(S.T.P.) of carbon monoxide (88 per cent of 3 mole of carbon monoxide per mole of complex). 

Degradation of a 400 mg sample of alloécimene-iron tricarbonyl with triphenylphosphine in a 
bulb at 150° for 50 hr afforded a liquid, the infra-red and ultra-violet spectra of which corresponded to 
those of alloécimene. Solid remaining in the bulb consisted of excess triphenylphosphine and ftrans- 
bis(triphenylphosphine)iron tricarbonyl, identified by its infra-red spectrum." 

The infra-red spectrum of allodcimene-iron tricarbonyl in carbon disulphide solution showed 
carbonyl absorptions at 2028 and 1963 cm-', and a band in the carbon-carbon double bond region at 
1653 

9. Preparation of the compounds (CH,CH:CHCH:CHR)Fe(CO),. A mixture of 1-8 g (3-6 mmole) 
of triiron dodecacarbonyl, 5 mmole of the substituted 1,3-pentadiene and 40 ml of thiophene-free 
benzene was refluxed under nitrogen for about 10 hr or until the green colour of the iron carbonyl was 
discharged. After cooling to room temperature filtration usually afforded a yellow solution. Solvent 
was removed in vacuo and the yellow liquid dissolved in isohexane, filtered. and the filtrate cooled to 

78°. Yellow crystals of the product separated which in the case of (CH,CH:CHCH CHCN)Fe 
(CO), and (CH;CH:CHCH:CHCHO)Fe(CO), melted before reaching room temperature. The 
product was held briefly at 25°/0-1 mm before being submitted for analysis. 


* We are indebted to Drs. L. A. Gotpsiatr, R. V. Lawrenc e and N. T. Mirov of the U.S. Department 
of Agriculture for supplying us with pure samples of the terpenes used in our work. 


Vol, 
16 
1960/61 


Chemistry of the metal carbonyls—IX 239 


For the preparation of (CH,CH CHCH:CHCONH,)Fe(CO), the procedure was somewhat 
different. The yellow benzene solution obtained from the reaction was treated with excess of iso- 
hexane and the yellow solid produced filtered. This solid was sublimed (100°/0-1 mm) to give 
sorbamide-iron tricarbonyl 

Analytical and other data for these new compounds are as tabulated 


Carbon (°) Hydrogen (°%) Metal carbonyl 
m.p. and 


— - bands (cm~*) in 
Compound? colour 


infra-red spectra, 


Cale. | Found arc Found CS, solution 


(C,H,CO,C,H,)Fe(CO), 46-9 2065, 1995° 
yellow 
(C,H,CONH,)Fe(CO), 32-134 430 P 2065, 19954 


yellow 
(C,H,COCH,)Fe(CO), 31-33 2065, 
yellow 
yellow 2070, 
liquid 
(C,;H,CHO)Fe(CO), orange 2070, 
liquid 


°C,H, represents the CH,CH :CHCH:CH- group. "Ester carbonyl band, 1717 cm-!. *% N, calc.. 5-6; 
found, 5-7. 4Amide carbonyl band, 1686 cm™'. ‘Ketonic carbonyl band, 1686 N, calc., 6-0 
found, 6-1. *Cyanide band at 2235 cm=. *Aldehyde carbonyl band, 1690 cm-. 
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RHENIUM CO-ORDINATION COMPOUNDS—I 


HALOGENOTRIPHENYLPHOSPHINERHENIUM AND HALOGENO- 
TRIPHEN YLPHOSPHINECARBONYLRHENIUM COMPOUNDS* 


M. FrReNi and V. VALENTI 
Istituto di Chimica Generale dell’ Universita, Milano 


(Received 3 May 1960) 


Abstract—Using HReO, and PR, in ethyl alcohol, as starting material, with hydrohalic acids, we 
obtained directly the Re(IID) compound Re(PR,),Cl,, with hydrochloric acid; with hydrobromic and 
hydroiodic acids the Re(I1) compounds Re(PR;),Br,, Re(PR,),I, 

The compound Re(PR,),Cl, can only be obtained using a reducing reagent such as hydrazine 
hydrochloride, while Re(PR,),Br, and Re(PR,),1, can be prepared from the corresponding com- 
pounds of Re(II) by oxidation with bromine and iodine. Likewise Re(PR,),Cl, can be obtained 
from Re(PR,),Cl, with chlorine, while by reaction between ReCl, and PR, the compound Re(PR,)Cl, 
is formed. 

By the reaction of carbon monoxide at high pressure with these compounds, Re(I) carbonyl 
derivatives have been isolated: the above mentioned chloro compounds gave Re(PR;),(CO),Cl, 
Re(PR,),.(CO),Cl 

Re(PR,),Br, gave Re(PR,),(CO),Br, and Re(PR,),(CO),Br, under the same conditions. while to 
date, we have obtained only the Re(I) monocarbonyl iodide derivative, Re(PR,),(CO)I 

All these compounds are diamagnetic in the solid state; but the derivatives of Re(II) have the 
paramagnetism corresponding to one electron spin in chloroform solution 


ONLY a small number of rhenium co-ordination compounds with ligands able to 
give bonds with some 7-character have been reported so far, i.e. the ditertiary arsine 
compounds described by NYHOLM’, some carbonyl derivatives reported by Hieser'?’, 
and WILKINSON®), and the bipirydyl compound of Jezowska“’. 

As it was likely that rhenium would form low-valent complexes with ligands of 
m-type, we studied the addition compounds of rhenium halides with triphenyl- 
phosphine and their carbonyl-derivatives. 


EXPERIMENTAL SECTION 


Dichlorobis(triphenylphosphine)rhenium(11). One gramme perrhenic acid, 1 g hydrazinium 
chloride and 5 g triphenylphosphine (30 ml) are refluxed in ethanol for a few minutes. The com- 
pound which precipitates is dissolved in hot benzene and recrystallized by addition of ethanol: 
m.p. (dec.) 166°C. (Found: Re, 23; Cl, 9-0; P, 7-6: mol. wt. 760. Calc. for C,H Cl,P,Re: 
23-8; Cl, 9-1; P,7-9%; mol. wt. 782—mol. wt. by cryoscopy in 1-4 x 10-* M bromoform solution). 

Dibromobis(triphenylphosphine)rhenium(11). One gramme perrhenic acid in ethanol (5 ml) and 
2 ml hydrobromic acid are boiled for about 5 min and a hot saturated ethanolic solution of Sg 
triphenylphosphine is added. On cooling, violet crystals precipitate which are recrystallized from 


* This research has been reported at the IUPAC Congress in Munich 1959." 

‘ N. F. Curtis, J. E. FerGusson and R. S. NyHoim, Chem. & Ind. 625 (1958); S. E. FerGusson and 
R. S. NyHoim, Chem. & Ind. 1555 (1958). 

'2) W. Hieper and L. Scuuster, Z. Anorg. Chem. 287, 214 (1956). 

‘*) E. W. Apet and G. WILKINSON, J. Chem. Soc. 1501 (1959). 

‘*) B. Jezowska, Traebiatowska, IUPAC Congress Abstr. 77. London (1959). 

‘*) M. Frent and V. Vatenti, IUPAC Congress Abstr. A1057. Munich (1959). 
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benzene plus ethanol: m.p. (dec.) 144°C. (Found: Re, 20-1; Br, 18-1; P, 6-9: mol. wt. 830. Calc. 
for C,,H,,Br,P,Re: Re, 21-4; Br, 18-4; P, 7 1%; mol. wt. 870—mol. wt by cryoscopy in 10-* M 
bromoform solution) 

Diiodobis(triphenylphosphine)rhenium(l1). Prepared as above from perrhenic acid, hydroiodic 
acid and phosphine in ethanol. The greenish needle-like crystals are recrystallized from benzene plus 
ethanol: m.p. (dec.) 162°C. (Found: Re, 191; I, 268; P, 65: mol. wt. 920. Calc. for 
CyeHyol,P,Re: Re, 19-3; I, 26-3; P, 64°: mol. wt. 965—mol. wt. in 10-? M bromoform solution). 
The same compound is obtained when a saturated solution of K,Rel, (2 g) in acetone is allowed to 
react with a saturated solution of triphenylphosphine in acetone (3 g). A red needle-like crystalline 
compound is first obtained, which rapidly discolours even in an inert atmosphere. By recrystallization 
the previously described compound is obtained: m.p. (dec.) 162°C. (Found: Re, 19-5: I, 26-1: 
P, 

Trichlorotriphenylphosphinerhenium(11). A saturated solution of ReCl, (2 g) in ethanol is allowed 
to react with a cold saturated solution of triphenylphosphine (4 g) in ethanol. A dark red precipitate 
is formed, which is recrystallized from methylene chloride plus hexane: m p. (dec.) 230°C. (Found: 
Re, 34-0; Cl, 19-3; P, 5-5. Calc. for C,,H,Cl,PRe: Re, 33-6; Cl, 19-2; P, 5-6%). 

Trichlorobis(triphenylphosphine)rhenium(11). One gramme perrhenic acid 2 ml hydrochloric acid 
and a hot saturated ethanol solution of 5 g triphenylphosphine are refluxed for about 5 min. The 
yellow crystalline precipitate is dissolved in benzene and precipitated by hexane: m.p. (dec.) 220°C. 
(Found: Re, 23-2; Cl, 12:8; P, 7-4. Cale. for CysHyeCl,P,Re: Re, 22-8; Cl, 13-0; P, 76%. The 
same compound is obtained from a solution of 0-8 g ReCl,(PR,), in methylene chloride by addi- 
tion of 10 ml M/10 chlorine solution in the same solvent. Recrystallized from benzene: m p. (dec.) 
220°C. (Found: Re, 22:8; Cl, 13-1; P, 72% 

Tribromobis(triphenylphosphine)rhenium(11). A benzene solution of 0-9 g ReBr,(PR,), (mmole) 
is reacted with 20 ml 0-05 M bromine in benzene. The yellow crystalline product which separates at 
once is dissolved in chloroform and precipitated with hexane: m.p. (dec.) 193°C. (Found: Re, 
20-0; Br, 25-6; P, 64; Calc. for C,H, .Br,P,Re: Re, 19-6; Br, 25-3; P, 

Triiodobis( triphenylphosphine Prepared as the previous compound from Rel,(PR;), 
and iodine: m.p. (dec.) 174°C. (Found: Re, 17-4; I, 35-3; P, 5-6. Cale. for CygHyolsP,Re: R, 
17-0; I, 34-8; P, 5-7%) 

Chlorodicarbonylbis( triphenylphosphine)rhenium(1). (a) A mixture of 0-56 g ReCl,(PR,) (1 mmole) 
and 0:8 g PR, (3 mmole) is kept in a pressure vessel under 200 atm of CO (initial pressure) at 120°C 
for 12 hr in the presence of metallic copper. On extracting the reacted mass with methylene dichloride 
and precipitating with ethanol, pink hexagonal plates (0 50 g = 62 per cent yields) are obtained 
which are recrystallized from hot benzene: m.p. (dec.) 202°C. (Found: Re, 240; Cl, 46; P, 7-7: 
CO, 69; mol. wt. 850-0. Calc. for C,,H,.P,(CO),CIRe: Re, 23-2: Cl, 4-4; P.7 7; CO, 70; mol. 
wt. 802-5) 

(b) The same product is obtained in much lower yields both from ReCl,(PR), and ReCl,(PR,),, 
at 120°C and 200 atm CO (initial pressure), in presence of metallic copper. When the reacted mass is 
extracted with benzene and the solution precipitated with ethanol the pink ReCl(CO),(PR,), 
separates. m.p. 202°C. When these pink crystals are boiled for about 10 min with a 10 per cent 
solution of p-toluidine in benzene, they yield an ivory white crystalline compound, all physical and 
chemical features of which are identical with those of the original pink compound. The Debye 
patterns of the two compounds are also identical. The ivory white compound is also obtained on 
crystallizing the pink compound from benzene in the presence of a small amount of potassium 
hydroxide 

Chlorotricarbonylbis(triphenylphosphine)rhenium(1). From ReCiK(CO),(PR,), with CO at 200 atm 
and 200°C for 24hr. The mass is extracted with benzene and reprecipitated with ethanol. The 
ivory yellow needle-like crystals are purified by recrystallization from the same solvents: m p. (dec.) 
183°C. (Found: Re, 22-0; Cl, 4-4; P, 7-6: CO, 10-0. Calc. for CyeHy.P,(CO),CiRe: Re, 22-4; 
Cl, 43; P, 7-5; CO, 100%) 

Bromodicarbonylbis(triphenylphosphine)rhenium(1). (a) One gramme ReBr,(PR,), and 0-5 g PR, 
are treated under a pressure of 200 atm of CO for 12 hr in the presence of metallic copper. The 
orange mass is extracted with hot benzene and then precipitated with ethanol. Orange crystals are 
obtained (0-80 g = 82 per cent yields). This compound, like the corresponding chloride, becomes 
yellow when recrystallized from an alkaline solution. It is stable to air indefinitely: m.p. (dec.) 


5 
j 
5 
se 
5 


242 M. FrReENi and V. VALENTI 


193°C. (Found: Re, 21-2; Br, 9-8; P, 7-8: CO, 6-6: mol. wt. 820. Calc. for C,,Hy P,(CO),BrRe: 
Re, 22-0; Br, 9-5; P, 7-3; CO, 66°: mol. wt. 846—mol. wt. by cryoscopy in 10 * M bromoform 
solution) 

(b) The same ReBr(CO),(PR,), is obtained in much lower yields from ReBr,(PR,), at 120°C 
and 200 atm CO. The yellow pasty mass extracted with hot benzene is precipitated by ethanol, 
Orange crystals: m.p. (dec.) 193°C. (Found: Re, 21-85: Br. 9 4; P, 7:0; CO,6:7%) 

Bromotricarbonylbis(triphenylphosphine)rhenium(1). Obtained from ReBr(CO),(PR,), with CO 
at 200 atm and 200°C for 30 hrs, the mass is extracted with benzene, and the solvent evaporated to 
dryness. On addition of ethanol, white needle-like crystals are obtained which are recrystallized from 
the same solvent: m.p. (dec.) 142°C. Found: Re, 21-9: Br, 9-7; P, 7:00; CO, 9-7: Calc. for 
CyeHyoP(CO),BrRe: Re, 21-3; Br, 9-2; P, 7-1; CO, 96%) 

lodomonocarbonylbis(triphenylphosphine rhenium(1) One gramme Rel,(PR,), and 0-5 g PR, are 
treated with CO at 200 atm and 80°C for 12 hr in the presence of metallic copper. The blue mass is 
extracted with benzene and then precipitated with ethanol. Blue crystals (0-3 g): m.p. (dec.) 198°C, 
(Found: Re, 21-0; I, 14-7; P, 7-0; CO, 3-2: mol. wt. 900. Calc for CygHyoP,COIRe: Re, 21-5; 
I, 147; P, 7-2; CO, 3-2% mol. wt. 866—mol. wt. by cryoscopy in 10-* M bromoform solution). 

Analysis. Rhenium was determined as tetraphenyl arsonium perrhenate after alkaline oxidation 
of the complexes by the Parr method. The results obtained (-+-6 per cent) in this way were far from 
satisfactory. Later more Satisfactory analyses were conducted by oxidizing the complexes with 
fuming nitric acid by the Carius method. 


Physical determinations 


The magnetic susceptibilities were measured with a semimicrobalance using the Gouy method. '* 
Measurements on solid compounds werecorrected for théir diamagnetic susceptibility using correction 
constants from SELwoop'”? 

The electric moments were calculated with the approximate formula of Cowen and HENRIQUEZ'*? 
from the dielectric constants of the dilute benzene solutions, measured with the Dipolmeter DM 01 
and the cell DFL 2 of the firm Wissenschaftlich Technische Werkstatten of Weilheim/Oberbayern. 

The molecular weights were determined by cryoscopy in nitrobenzene or bromoform. 

The conductivities were determined on the 2 10°? M nitrobenzene solutions with Kohlrausch 
method, using a cell with large palladium electrodes to increase the sensitivity 


DISCUSSION 

It appears that two stable addition compounds of rhenium halides with triphenyl- 
phosphine (PR;) may be obtained, of the type ReX,(PR;), and ReX,(PR,)». Using as 
starting material the high-valent rhenium compounds, in the presence of an excess of 
phosphine and of the corresponding halogen acids, the divalent compounds are 
obtained when X is Br or I, and with Cl the trivalent one is formed. As triphenyl- 
phosphine, which is always present in excess in these preparations, is a reducing agent 
stronger than hydroiodic and hydrobromic acids, it must be admitted that Rel,(PR,). 
and ReBr,(PR;), are more easily reduced than ReCl,(PR,)p. 

ReCl,(PR;). is only obtained in the presence of hydrazinium chloride while the 
bromo and iodo derivatives of trivalent rhenium can be prepared with the calculated 
amounts of halogens on the divalent compounds. Thecompounds ReX,(PR;)», though 
coordinatively unsaturated do not tend to coordinate any more phosphine molecules. 

The lack of conductivity is consistent with their formulation. They probably have 
a square planar structure with a cis configuration as indicated by their dipole moment. 

The magnetic moment in solution is very near to the value for one unpaired elec- 
tron as expected for divalent rhenium (d5), 

‘*) A. WEISSBERGER, Physical Methods of Organic Chemistry Vol. 2 p. 1221. Interscience, New York (1946). 


 P. S. E-woop, Magnetochemistry p. 78. Interscience, New York (1956). 
‘ P. C. Henriquez, Physica 1, 41 (1934). 
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The diamagnetic behaviour in the solid may be attributed to a direct interaction 
between the metal atoms or to a Re'-Re'!’ mesomerism reached through halogen 
bridges. 


Re ~ “Re “Re 
A A A 


The Re'"' compounds ReX,(PR;), are also non-electrolytes their very poor solu- 
bility can be taken as an indication that they are dimeric and, if so, they are octahedral 
and coordinatively saturated. They are not affected by halogens, which shows that in 


— — — 
Molecular conductivity 
(ohm~! cm*) 
Re(PR,)(CO),CI ivory 235 x 10°* | /v.s. chloroform, <O1 
methylene chioride | 
Re(PR,)(CO), Cl ivory yellow | 230 x 10~* sl. benzene <O1 
nitrobenzene | 
Re(PR,),(C O), Br forange 240 10°* iE alcohol, ether <01 
tyellow acetone | 
v.s. chloroform <O1 
Re(PR,),(CO), Br | 250 x 10°* )|/ methylene hioride, | 
| benzene, nitr benzene (| 
Re(PR,),COl blue | 270 x 10°* | i. other solvents | < 0-05 
* PR, triphenyl phosphine 
* on the compound in chloroform solution 
* os very soluble: s soluble; sf slightly soluble; i insoluble 


** The first value is obtained on the the second value is obtained after 


some time 


compound immediately after its preparation 


this case the oxidation state 3+. of rhenium is remarkably stable. They are diamag- 
netic as expected for low spin Re''' compounds. No satisfactory explanation for the 
paramagnetism of the labile form of ReCl,(PR,), which has been checked in all the 
preparations of this compound has been suggested. 

The action of CO on these compounds gives in all cases the Re! derivatives, con- 
taining two molecules of phosphine and from one to three molecules of CO. The 
reaction takes place at about 100°C, that is at a temperature much lower than neces- 
sary to introduce CO in other rhenium derivatives. The compounds of the type 
ReX(CO),(PR;), had been obtained independently by Hieser") and WILKINSON®?, 
from ReX(CO), and the phosphine at 120°C. 

The fact that the same compounds are obtained from opposite directions shows 
that they represent the most stable substitution products of the phosphine on the 
rhenium carbonyl halides. 

The stabilization of the monovalent state of rhenium is achieved through the 
bonding of at least two molecules of CO in the chloride and the bromide and of only 
one CO in the iodide. 

This seems to indicate that the stabilization of Re' is obtained most easily for the 
iodocompound, while in the case of the halocarbonyliridiates(I)' the iodocompound is 
the most readly oxidized. These d* compounds are diamagnetic; the hexaco-ordinated 
ReX(CO),(PR;). are probably octahedral; the pentacoordinated ReX(CO),(PR;). 
can be square pyramids (d*sp*) or trigonal bipyramids (dsp*), while the tetra-coordi- 
nated RelCO(PR;), should be planar. The latter compound is a typical example of the 


‘*) M. ANGOLETTO, Gasz. Chim. Ital. 90, In press (1960). 
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Stability that can be reached by heavy transition metals in a co-ordinatively unsatu- 
rated state. It was not obtained by WILKINSON® by displacing carbon monoxide with 


phosphine in the iodopentacarbonylrhenium(1). He prepared instead Rel(CO), 
(PR,), 

On the other hand we could not prepare the iododerivative with more than one CO 
molecule, because at higher temperatures only Rel(CO), is formed. That would prove 
that the phosphine is more firmly bound to the chloro- and bromo- than to the iodo- 


derivative. 
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PREPARATION, PHYSICAL PROPERTIES AND INFRA-RED 
STUDIES OF SEVERAL ALKYL AND ARYL 
PHOSPHORIC ACIDS*+ 


D 


F. PepPpARD, J. R. FerRARO and G. W. Mason 


Argonne National Laboratory Lemont, Illinois 


Abstract—Several alkyl and aryl phosphoric acids of the type (GO),PO(OH)? have been prepared 
rhe physical properties of these pounds, including cry pic molecular weights and infra-red 
spectra are presented. The cry: copic and infra-red data indicate the existence of strong inter 
molecular hydrogen bonding in these compounds, and it is postulated that such strong hydr gen 
bonding is typical of this class of acid Attempts are made to analyse the infra-red spectra of the 
aryl phosphoric acids in terms of vibrations involvi g the phosphorus atom and those involving 


the benzene ring 


A NUMBER Of organophosphoric acids of the type (GO),PO(OH) have been prepared 
in our laboratories. Several of these were shown to be dimeric in benzene and to 


display strong intermolecular hydrogen bonding.” This paper describes the pre- 
paration, physical properties and infrared spectra of several additional acids of 
this class, some of which are presumed to be new 


EXPERIMENTAI 


Preparation 


The neutral phosphates (GO),PO, where G is -naphthyl, /-phenylethyl y-phenylpropyl, 


-phenylphenyl, p-isopropylphenyl or cyclohexyl were yxrepared from POC], and the respective 
pro} 


alcohol. The neutral phosphates, where G is p-tolyl and o-tolyl, were obtained from Eastman 
Kodak ( ompany. Tri(n-butoxyethyl) phosphate was obtained from Ohi Apex Co. The neutral 
phosphates were hydrolyzed by refluxing with a jucous 10 NaOH (50 per cent excess) for periods 
7 up to & hr. The sodium salts of the monob asic acids, obtained on hydrolysis. were separated from the 
neutral phosphat Dy the p jure described in a previou publicatior The separation from 
GOH was also accomplished by this previously lescribed procedure except for the naphthyl and 
p-tolyl compounds and for the o-toly] cor pound, in which $ separation of the GOH was achieved 
by fr nal recrystallizatior i im distillatn respectivel 
Table | 


equivaient weignts of the c as discussed this paper were obtained by standard 


aikali titration Viscosity me irements were made it a iture, controlled at 


20 -025"¢ Water contents were determined by standard Karl Fischer titration. Table ? lists 


constant temper 


Cryoscopic measurements were conducted in a Beckmas type Ireezing-point apparatus using a 


Beckman differential thermometer. The benzene (Spectral Grade) x-camphor and the naphthalene 


* Based on work performed under the au pices of the U.S. Atomic Energy Commission 
Paper presente at tt ith Annual Society of Spectroscopy Symposium in Chicago, June. 1960 
> G may be aryl, alk or mixed alkvyl-ary r a substituted variant of one of these 


’ D. F. Pepparp. J. R FERRARO and G. W. Mason. J Inorg Nucl. Chem. 7, 231 (1958); 4, 371 (1957): 
10, 275 (1959) 
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were obtained from Eastman Kodak Co. The acetic acid (Analytical Reagent) was obtained from 
Mallinckrodt Chemical Works. The method of determination of the freezing-point constants has been 
discussed previously."’ The results of the molecular weight determinations are shown in Table 3. 

The absorption measurements were obtained by means of a Beckman IR-4 spectrophotometer 
using a sodium chloride prism. Spectra were obtained on liquid film and KBr disks. The KBr disk 
spectra were always checked by Nujol mull spectra. 


TABLE 1.—C AND H ELEMENTAL ANALYSES OF (GO),PO(OH) 


| | 
Theory Found Theory Found 


B-C,,H, 68°63 69-07 4-32 4-40 
p-CH,C,H, 60-48 60-96 5-44 5-76 
o-CH,C,H,— 60-48 60-25 5-44 5-41 
pACH,),CH—C,H, 64:72 65-50 6-94 7-00 
p-C,.H;—C,H, 71-64 72:20 4:76 4-78 
y-C,H;—(CH;)s 64-72 63-40 6-94 7-15 
p-C,H,—C,H, 62:77 63-67 6°26 6-33 
n-C,H,OC,H, 48:32 48-32 9-06 9-05 
Cyclo-C,H,, 55-01 55-59 8-85 8-87 


* Corrected for water content. 


TABLE 2.—PHYSICAL PROPERTIES OF SEVERAL ORGANOPHOSPHORIC ACIDS 


Equivalent 

Organophosphoric weight Density | Index of | Viscosity | Melting 
acid 20°/20° | fefraction | (poises) point 

25 20 (°C) 


Theory | Found 


| 
Bis-(-naphihyl) 350 349 
Bis-(p-tolyl) 278 
Bis-(o-tolyl) 278 1-5434 13-573 | 
Bis-(p-isopropylphenyl) 334 
Bis-(p-phenylphenyl) 402 
Bis-(y-phenylpropyl) 334 1-5361 
Bis-($-phenylethyl) 306 3 
Bis-(n-butoxyethyl) 298 14391 
Bis-(cyclohexyl) 262 


142-143 
81 


75 


DISCUSSION AND RESULTS 


Crvoscopic measurements 

The cryoscopic molecular weights indicate that in benzene the acids are dimeric, 
the behaviour being similar to that observed for other acids of this class.” In camphor, 
also, bis-($-naphthyl)-phosphoric acid and bis-(p-tolyl)-phosphoric acid were found 
to be predominantly dimeric. However, bis-(p-tolyl)-phosphoric acid has been 
found to be monomeric in acetic acid. 

Thus, even at 180°, the freezing point of camphor, the dimeric ring appears to be 


q 
a 
a 
4 
G 
6 
(%) 
nil 
a | 0-18 
| 0-76 
| oil 
a 240 | nil 
“4 - nil 
| 57-58 | O16 
a 0-89 
77-79 | O19 
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stable; and only in the presence of a strong hydrogen bonding solvent, such as acetic 


acid, do these acids monomerize completely. 


Infra-red absorption studies 


Studies in the 3 uw region of 0-001 M carbon tetrachloride solutions of these acids 
in 4-5 mm cells showed no free OH absorption. Inthe 8-9 u region a broad absorption 
continued to demonstrate a bonded phosphoryl group, even in 0-001 M carbon 
tetrachloride solutions (3mm cells). These experiments are indicative that the 


association of the acids is strongly maintained even in dilute carbon tetrachloride 


solutions. 


* Molality defined 


(a) Alkyl phosphor acid The infra-red abs rption frequencies for bis-(n- 
butoxyethyl)-phosphoric acid and bis-(cyclohexyl)-phosphoric acid from 650-4000 cm 
are shown in Table 4. These acids give typical spectra for acids of the class 
((GO)GPO(OH))}, or [((GO),PO(OH)],""~” where G is alkyl. The regions of interest in 


the spectra of the alky! phosphoric acids have been previously discussed.”’ When G is 


il 


cyclohexyl it is observed that the methylene CH scissor absorption shifts toward 


lower frequency (1455 cm~'), and that ring vibrations are found in the 800-835 cm 
region; which is characteristic of cyclohexy] compounds. 
(ph) {ry/ ph a ] (7ai e the apsorr on maxina) T he Sse acids are 


1 ssed together because of the similarities in their infra-red spectra. and include 


bis-(phenyl) bis-(/ tetramethylbutyl lphenyl) bis-(/#-naphthy]) bis 
(p-phenylphenyl), bis-(; ypropylpheny bis-(p-tolyl) and bis-(o-tolyl) phosphori 


acids. Bis-(y-phenylprop ind bis-(/-phenylethyl) phosphoric acids are also 


Taste 3 CRYOSCOPIC MOL R WEIGHTS OF SEVERA RGANOPHOSPHORIC ACIDS 
Exper Calculated 
enta molecular 
Har | weight for 
rit dimer 
q 
Bis-(, B 0-18 406 61% 
ACE 4 0-450 sik 
Bis-(o0-tolyl) Ber 0-683 ‘74 SS 
Bis propvipheny Be 0-O8 0-196 AGN Vol, 
Bis-( p-phenylpheny]) | Nay : R04 16 
1 960/6 1 
Bis phenyipropy!) Be 0-45 if 66S 
Bis pire viet! | B () 64 
| | 648 612 
Bis-(n-t xyethyl) B | O14 0-367 | $99 50% 
| 
Bis-(cyclohexyl) Be 0-17 0-435 09 524 
J. T. BRAUNHOLTz, G. E. Hat G. MANN and N. J. Chem. 868, (1959) 
¢ THomas. Che d dusts 
D. F. Peprar RAR G. W. Mason, J. Inor Nu Chem. 12, 6f J 
We Chemical A p. 361. Inter New York (1956) 
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discussed in this group, because they have the benzene ring in common with the 
aryl phosphoric acids. The spectra of these acids are considerably more complex 
than the alkyl phosphoric acids because of the ring associated vibrations. Nevertheless. 
characteristic absorptions due to the ring can be qualitat identihed and distin- 
guished from those associated with the phosphorus atom. Complications will arise 


in regions where the absorption due to the ring and to the p phorus atom overlap 


Taste 4 ABSORPTION MAXIMA IN CM 


oF 


SEVERAL ALKY PHOSPHOR 


2980 ) 
2910 

2650 (w) broad 2860 (5) 

2350 (w) broad | 2650 (m) broad 

1680 (w) broad 2300 (m) broad 


1455 1680 (or) br ad 


1380 (m) 1460 (mm) 
1240 (s) 1380 
1160 (w) 1365 
1060 (sh) 1240 broad 
1035 (vs) broad 1130 ) 
YOR () 1050 ) broad 


835 (pw) YOO 


SOO (ow) 865 (mm) 


Such a region is the phosphoryl oxygen region at about 1200-1250 cm™', but here 
formation of the sodium salt helps in making as ignments. As was done for the 
alkyl phosphoric acids’ the assignments made for the bonded P—OH absorptions 
were aided by salt or metallic complex formation, and by deuteration. It was observed 
that the spectra of the sodium salts sharpens up considerably, in contrast to the 
broad spectra of the acids. 

Table 6 lists the absorptions tentatively assigned to the vibrations associated 
with the phosphorus atom portion of the molecule. Table 7 lists those absorptions 
tentatively assigned to the vibrations associated with the ring and/or ring substituent 
portion of the molecule. 


(1) Vibrations associated with the Phosphorus atoms (See Fig. 1). The spectra 


associated with the P atom are characteristic of dimeric monobasic acids (e.g. 
((GO),PO(OH)}, or The broad regions associated with the 
bonded P—-OH are observed at about 2250-2380 cm-!. 2475 2700 cm™ and 1700 
(Fig. 2). The phosphoryl stretching vibration occurs in the vicinity of about 1200 cm 


and is difficult to determine because of several ring associate: brations near this 


q 
q 
c acid pl ac 
a (KBr disk) (Liquid fil 
1, 
L6 
| 825 (n 
) 
670 (w) 
| 
A 
6 
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(uz) 989 
(44) 
(S$) 79Z 


(5) 
(Ss) 


(5) POO! 


(S) 
(s) 0071 
(5) 


(“) 


(*) 
(5) S6rl 
(4) 
(4) 9091 


(“) $99 
(*) $89 
(“) 
991 


(") 162 
(s) 
(us) 
(sa) 
(s) 


(s) 


996 

910! 
9601 


(S) ORT 
(82) OOTI 


(ys) 
(") 


9LTI 
9LtI 


(s) 9051 
peosg 


(u) 099 
$69 


(44) 


(YS) 066 


(8?) SZOI 
(4S) S601 


peosg 


(4) 


(4) ZOSI 
(*) O19T 


(ué) SOL 


(*) O18 
O78 


(4) 
(5) 8001 
(S) SZOI 
OSOI 
(S) OLOI 
(YS) 0601 


(4) 
OLTI 
(YS) 


(la) OOS I 
0091 


(") 899 
(4) ZIL (*) SIZ 
Stl 
SSL 
(YS) OF8 (S) 
(S) Org | 
(5) OL8 (¥5) 008 
(5) C68 (%) 818 
(YS) 
$S6 (YS) OF6 
(YS) 826 (82) 086 


(82) O10! 


OFOI 


OSOI 


(S) 

(S) (82) STITT | 
SOIT S211 | 
(S@) S171 (8?) 

(S) (YS) 


(4) 


(44) 
(4%) 0091 


(4) 
(S) OOST 
0651 


OOL 


(S) S78 
(s) 


(82) 066 


(S) 
(5) 
(S) 
(S) 
(82) C6IT 


(5) OPTI 
(4) 


peosg 
(4) O19] 


(") | 
(") OFL 
(") OSL 
(") OLL 
(*) 061 


(S) 


(44) 06 
(S2) 866 


(82) OZOI 


(S) 7811 
(82) SIZ] 
(S) 
(4%) 
(") 86¢1 


(YS) 
(¥8) | 
(44) 
(S) ZIST | 
(") 809] 


(4) 769 


(*) OL 
(YS) 
(uM) 


(YS) 888 
(4) 806 
(4%) O£6 
(87) 
(5) O101 
(4S) 
(5) OSOI 


(S) SOIT 
(S) SIZI 
(8) 


S6rl 
SOS I 
(4) 06S I 


peosg £691 | PROIQ(™) QZ9T | (m) QOLT | OOLT (ue) SE9T | PROIG () | PROIG (%) OOLT | | PROIg 
0691 (") 0061 0681 | 
peosg (*) | (™) OSET | | peosg OS 17 prog (ua) OSETZ 
peosg () | PROIG ON9Z peosg (%) OOET | PROIg (™) OSEZ (™) OSTZ | PROIG (M) OSET | PROIG | OSEZ | OEZ 
(™) OL8Z peosg () OS9Z | (%) OOLZ | PROIG (™) | PROIG | (%) ES9Z 
(YS) OZ67 (YS) | (*) O16Z (") OOST | (%) OOLZ | OSSZ 
(M4) 0967 | “(™) S96T | (*) OOOE (") (YS) 0067 (YS) 
SOE | OSOE (YS) (") 0867 (S) O867 
(5S) (*) OSOE (YS) (*) O8OE (*) OOTE | (%) OOIE () (*) OZIE «(%) OOTE 
by | 
Gam pindry) (49) (44™) (jAusyd[jAing (4q™) 
(\AusydjAusyd ({Adosdost _(tAdoad (jAyiydeu (\Auayd)-siq 
-d)-siq | -d)-siq -Ausyd-/)-sig -(/)-s1q 


- 
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TABLE 6 ABSORPTION MAXIMA { cm ) IN VARIOUS ACIDS DUE TO 


VIBRATIONS ASSOCIATED WITH PHOSPHORUS ATOM EL ‘Gs NMENTS) 


onded Bonded 
OH P 


}-tetramethy! 


vi) 


I5U (vs) 
1010 (vs) broad 


1025 


ertone of the 


ABSORPTION MAXIMA cm~') IN VARIOUS ARY! \CID E TO VIBRATIONS 


ASSOCIATED WITH RING AND/OR RING SI BSTITUEN ASSIGNMENTS) 


stretching 


bis-( phenyl) 


bis-( p-(1 3-tetramethy 


bis-( p-tolyl) 4090 2980 2900 (oh) 1610 ¢ 
ROO (ww) broad 

bis-(0-tolv}) 4100 3000 (sh), 2970 1590 

2910 (w) 

bis-(/)-naphthyl) 3100 1600 (mn) 

3-phenylethyl) 3000 Cw), 2985 (Cw) 1600 (m) 
1050 

(ch 3 m), 2940 Um) 1610 
3045 ( 


bis-(p-isopropylpheny!) 3050 2920 (sh), | 1604 (» 


bis-( p-phenvipheny 3060 (sh) 1606 (mt) 


1040 
— 


j 
a arid Stretching 
Stretcl Deformation 4 isymmetric 
: 2380 (m) broad 
| 23% hr ad 
bis-(p{1 13, | 
butyl |p ren 2700 (w) broad 1700 (w) br 
2350 (w) be ad 
4 
4 bis-(p-tolyl) 2650 (w) broad 1700 (w) be 19S ts 190 (pe) 
2475 (w) broad 
bis-(o0-tolyl) 2700 (w) br vad 1700 (w) broad 
| 
2350(w) broad | 
bis-(3-naphthyl) 2680 (w) broad | 1690 (sh) 
pher vlethyvl) 2700 broad | 1700 (m) br 215 (mn) 
bis-( phenvipropy 7 
i phenyipropyl!) 2650 (w) broad 1700 (w) broad 230 (m) (vs) 
2 wo ) broad br 
yl. j propyipheny d ) 1680 OO (ps 966 (rs) 
6 2350 (w) broad | 
bis-(p-pher vVinheny ) 14900 he 1693 + 
2290 (wi b id 
] 
ABLI 
4 | ( H stretchin 
Phospt acid sts C «C skeleta | 
Ring Methyl, 
105 (5) 
120 2980 (5), 2925 Cor) 1608 480 (mm), 1450 (sh), | 1182 
1510 im 1 RR 
S00 468 1178 (es 
Sin 1165S (ee 
Sx 4s 1380 (sh) 
475 (w), 1376 1180 (s) 
1172) 
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Broad absorption; bonded OH stretching vibration 
Weak 


Broad absorption; overtone of P—O stretching vibration 
Weak or bonded OH stretching vibration'?’ 


1700—Broad absorption; bonded P—OH deformation 
Weak 


12407 
I—1195_} 
| 


Bonded P—O stretching; 
Strong 


1050 } 


P—O—{G] and [P]—~O—G stretching in alkyl phosphoric acids 


1000. 1025 
10107 Very strong 
966 P—O—{G] stretching in aryl-phosphoric acids 


Very strong 


Fic. 1.—Schematic diagram illustrating the vibrations associated with phosphorus atom in 
alkyl and aryl phosphoric acids (postulated assignments). 


region (Fig. 3). However, preparation of the sodium salts aided in selecting the vibration 
due to the P—-O group. The position of the P— O vibrations appear at 1195- 
1230 cm™, and there is a tendency for a shift toward lower frequency to occur as 
the G group becomes aryl. A similar behaviour of the carbonyl frequency has been 
observed with the benzoic acids.” Because of the strong electronegative nature of 
the phenyl and substituted phenyl groups high contribution from the resonating 
structure 


H 


O 


*) M. Sr. C. Fiett, Trans Faraday Soc. 44, 767 (1948). 
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3000 2500 2000 1900 1800 
cm 
FiG. 2.—Absorption frequencies in the region of 1600-3000 cm several ary! phosphoric 
acids (P—OH stretching and deformation, and C—H stretching vibrations) ‘KBr disks 
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3120] _. 
|_ 399 C—H stretching in aryl ring 
|\—3025 
Weak 


3000 —C—H stretching in alkyl groups 
—2800 Strong 


1590 | C=C skeletal in-plane vibration in aryl ring 
Medium 


1500 | C=C skeletal in plane vibration in aryl ring 
~ Medium 


14807] —C—H deformation in ( H,, CH, scissoring vibrations 
1380) 1480 absorption is medium, 1380 absorption is weak 
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1230 | In-plane C—H bending in aryl-phosphoric acids 
Medium to strong (?) 


| {P]—O—G stretching in aryl-phosphoric acids 
1165- Strong to very strong 

| —In-pfane C—H bending in aryl-phosphoric acids 
1100 Medium to strong (?) 


C—H out-of-plane in aryl-phosphoric acids 
Medium to strong 


Fic. 4.—Schematic diagram illustrating the vibrations associated with the benzene ring and/or 
ring substituent in aryl-phosphoric acids (postulated assignment) 


is possible, which weakens both the phosphoryl and the P—O—{G) bonds and shifts 
them to lower frequencies. The P—O—(®) stretching vibration (asymmetric) appears 
as a very strong band at about 966-1010 cm-, confirming the assignment of Nyquist 
and Mortimer’*) for this absorption, and is at a lower frequency than for alkyl 
phosphoric acids. The location of this frequency is also aided by sodium salt 


™ R. A. Nyquist, Appl. Spectroscopy No. 4, 161 (1957). 
‘* F. S. Mortimer, Spectrochim. Acta 9, 270 (1957) 
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formation, since the absorption appears to shift to lower frequency on salt formation.‘® 
The corresponding symmetric vibration is difficult to identify because several peaks 
occur in the region of the out-of-plane hydrogen vibrations (700-835 cm~), 

(2) Vibrations associated with the ring or ring substituents in aryl phosphoric acids. 
The CH stretching, CH bending and ring skeletal (see Fig. 2, 4) vibrations can be 
very readily located. These appear to give the typical spectra for ring or ring sub- 
stituent compounds in the 2800-3100 cm™ region (Fig. 2) and at 1600 cm™! and 


sycioneny POOH 


D-phenyipneny!-Olo POOH 


1700 1600 1500 1400 1300 


cm 


[p-napthy!-O)> POOH 


Hale - POOH 


Fic. 5.—Absorption frequencies in the region of 1300-1700 cm~' for several aryl phosphoric 
acids (C=C skeletal in-plane and C—H deformation vibrations). KBr disks 


1500 cm™ (Fig. 5:) The 1500 cm-! band usually is stronger than the 1600 cm™ band 
in these compounds. The CH, degenerate deformation bands for the alkyl substituents 
on the ring are readily identified in the region 1365-1480 cm ' (Fig. 5). It is much more 
difficult to assign the CH in-plane and out-of-plane vibrations. RANDLE and 
WHiFFEN"®) have attributed absorption in the 1000-1170 cm region to in-plane 
hydrogen bending motions in aryl hydrocarbons. The aryl phosphoric acids do have 
some strong absorptions in the 1050 cm~' and 1100-1165 cm~! regions and these can 
possibly be partly due to the in-plane hydrogen bending vibrations. Bis-(8-phenyl- 
ethyl)-phosphoric acid for example, has strong absorption in the 1000-1100 cm™ 
region. In addition to the P—O—{G) asymmetric stretching vibration at 1000 cm-, 
‘*' J. R. Ferraro. Unpublished work (1960). 


“° H. M. Ranove and D. H. Warren, Molecular Spectroscopy; Report on the conference held in London 
by the Institute of Petroleum (Oct. 1954). 
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in-plane hydrogen vibrations may occur here. Actually in the region from 1008- 
1070 cm™~ there are four strong bands for this acid. 

The out-of-plane hydrogen motions for these acids are found in the region 
700-835 cm™ (Fig. 6), and several absorption maxima appear in this region. The 1,4 
disubstituted phenylphosphoric acids show maximum absorptions at higher frequency 
(>800 cm™’) than the monosubstituted or the 1,2 disubstituted acids. This is the 
expected behaviour?" 12) for substituted phenyl compounds. 


Butoxyethyi-O], POOH 
Cyclohexy! - Ole POOH 


[p-tolyi-O]> POOH 


POOH 
(¢-O)lg POOH 


POOH 
POOH 


900 


800 700 600 
cm- 


FiG. 6.—Absorption frequencies in the region of 600-900 cm~ 
(out-of-plane hydrogen vibrations) KBr disks 


All the aryl acids show a strong absorption at about 1180 cm™~!, and this is 
attributed to (P)—O—® stretch in organophosphoric compounds'’*) containing the 
O—® link. This absorption is absent in monobasic alkyl phosphoric acids, and in 
bis-(#-phenylethyl) and bis-(y-phenylpropyl)-phosphoric acids because of absence 
of a O—® group. 

Absorptions at 1230-1280 cm=, usually strong in these acids are not assigned. 
Mortimer? assigns these in (DO),P — O to in-plane bending modes of hydrogen. 


“) J. L. Hawkins, E. R. Ward and D. H. Warren, Spectrochim. Acta 10, 105 (1957). 
*) L. J. Bectamy, The Infrared Spectra of Complex Molecules. John Wiley, New York (1958). 
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ADDITION COMPOUNDS OF CHROMIUM(VI) OXIDE 
WITH HETEROCYCLIC NITROGEN BASES—III 


REACTIONS WITH QUINALDINE, ACRIDINE, 
1,10-PHENANTHROLINE AND TRIBENZYLAMINE 


H. H. Stscter,* N. Ex-JApir and D. H. BuscH 
McPherson Chemical Laboratory, The Ohio State University 


(Received 20 June 1960) 


Previous work"! in this laboratory has shown that unhindered heterocyclic nitrogen 
bases, such as pyridine, f- and a-picoline, some of the lutidines and quinoline, readily 
form with chromium(VI) oxide addition compounds corresponding to the formula 
CrO,:2B (B = one molecule of nitrogen base) when the chromium oxide is added to 
the anhydrous amine at or near room temperature. On the other hand, «-picoline 
and lutidines having a methyl group in the 2-position have been shown to undergo 
considerable oxidation by chromium(VI) oxide under these conditions, and highly 
hindered bases such as 2,4,6-collidine and 2,6-lutidine do not react with chromium(VI) 
oxide under the conditions of these studies. 

At lower temperatures (ca. — 60°), however, «-picoline forms without appreciable 
oxidation a well-defined | : | adduct corresponding to the formula CrO,B.® We 
were interested in determining whether this same distinctive behaviour toward 
chromium(VI) oxide obtains with other heterocyclic nitrogen bases with a similar 
degree of steric hindrance. Therefore, the reactions of chromium(V1) oxide with 
bases having the following structural formulae were studied 


) N|CH, 


— phenanthroline 


EXPERIMENTAI 


Materials. Quinaldine obtained from the Matheson Co. Inc. was dried with barium oxide and 
fractionated under reduced pressure through a 4ft column packed with glass helices. The purity was 
checked by boiling point and refractive index both of which agreed with recorded values. (b.p. 118 
at 10 mm; ap 16072; lit. a? 1-6091) Acridine obtained from Fisher Scientific Co. was 
purified by recrystallization from ether (m.p. 108-9"; lit. 110°) Hydrated 1,10-phenanthroline 
obtained from the G. F. SmrrH Chemical Co. was dehydrated over phosphorus(V) oxide under 
vacuum. The anhydrous product melted at 116° (lit 117°). Tribenzylamine from Eastman Kodak 
Co. was recrystallized from ethanol. (m.p. 91°; lit. 92°). Chromium(V1) oxide (Mallinckrodt C.P 
grade) was dried at 140° at mm Hg pressure over phosphorus(V ) mide for 48 hr. It was then 
finely ground and dried an additional 48 hr under the same conditions and stored over phosphorus(V) 
oxide 

* Present address: Dept. of Chemistry, University of Florida, Gainesville, Florida. 

») H. H. Sister, J. D. Busu and O. E Accountius, J. Amer. Chem. Soc. 70, 3827 (1948). 
H. H. Sister, W. C. L. Mino, E. Merrer, and F. R. Hurwey, J. Amer. Chem. Soc 75, 446 (1953). 
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Procedure. Previous studies in this series had followed the procedure of dissolving the chromium 
(VI) oxide in an excess of amine and then evaporating the excess amine under reduced pressure. 
This procedure was unsatisfactory for solid amines and also for quinaldine because of the low rate 
of solution of chromium(VI) oxide in the amine at room temperature and also because of the very 
slow rate of evaporation of the excess amine at room temperature or below, even under very low 
pressures. Therefore, the following procedure was adopted 

About 25 ml of very dry acetone (C.P grade) was placed in a closed centrifuge tube and cooled 
to —80°. This acetone was added to a small. weighed sample of chromium(VI1) oxide in another pre- 
cooled centrifuge tube. This closed tube was then continuously shaken at —80° until complete 
solution had occurred Requisite amounts of the amine (ci rresponding to amine/CrO, ratios of 
from 2:1 to 0-6:1) were dissolved in 10 ml portions of precooled acetone and were added to the 
chromium(VI) oxide solution and the reaction mixture shaken until reaction appeared to be complete 
(evidenced by change in colour). During the reaction (reaction time varied from a few minutes to 
several hours) the mixture was kept cold (— 80°) and was protected from light. The solid was separated 
from the mother liquor by centrifugation, was washed several times with precooled acetone and dried 
under reduced pressure. Accurate yield data were not obtained since some of the product was lost 
in the decantate and some of the addition c ympounds are slightly soluble in acetone; however, the 
yields appear to be essentially quantitative. The products were removed from the reaction vessel in 
a dry box and stored in tightly closed containers protected from the light. The methods for analysis 
of the products for Cr(VI) and Cr(III) are essentially those reported in the first paper in this series.’ 

Reaction of chromium(V1) oxide with quinaldine. When solutions of-chromium(VI) oxide and 
quinaldine in acetone at SU" were mixed a bright yellow solid appeared. Isolation of this solid 
yielded a yellow powder which contained less than 0-5°/ Cr(III) and which melted at 125-8" but 
which darkened at 118°. Several typical products gave the following analyses. (Found; Cr, 19-96 
21-35, 20-94. Calc. for CrO,-C,,H,N: Cr, 21-38. Cale. for ¢ Cr, 11-97%.) Direct 
exposure to light and moisture causes the product to change from yellow to brown in a few minutes 
However, some of the product was stored in a dry box protected against light for eight months with 
no apparent colour change 

Reaction of chromium(V1) oxide with acridine. The reaction of acridine with chromium(VI) oxide 
at --80° in acetone solution immediately yielded a yellow product plus a very small amount of 
brownish-green material which adhered to the bottom of the tube. The yellow product, contaminated 
with only a trace of the brown impurity was analysed and was found to contain only from 0-3 to 
0-7% Crilll). Analytical data on several typical samples c responding to different mole ratios of 
reactants are as follows. (Found; Cr, 18-30, 19-20, 18-94. Calc. for CrO,yC,,H,N: Cr, 18-78%. 
Calc. for CrO,:2C,,H,N: Cr, 11-35°4.) The addition compound begins to decompose at 194-5°C 


and is much less sensitive t light than the other addition c mpounds reported in this study 
Reaction of chromium(VI vide with 1,10-phenanthroline The reaction of 1 ,10-phenanthroline 
with chromium(VI) oxide in acetone solution at — 80° takes place at a somewhat slower rate than the 
corresponding reactions with quinaldine and acridine. The yellow product obtained in this reaction 
contained from 0-4 to 1 Crilil) but the inalytical data for reactions at various amine to Cro, 
ratios indicated that the product was essentially CrO,-C,,H,N,. (Found: Cr, 15-85, 17°49. 17 54, 
18-25. Cale. for CrO,-C,,H,N,; Cr, 185. Cale. for CrO2 H,N,, Cr, The yellow 
addition compound is slightly soluble in acetone and ether. It begins to decompose in the range of 


115°-120 
Reaction of chromium(V1) oxid fh tribenzylamine. When acetone solutions of chromium(VI) 
x1Ge and tribenzylamine are mixed at SU" the solution takes on a yellow-orange tint. On standing 


without stirring for ipproximately 24 hr a prec pitate of granular orange crystals formed. These 
crystals melted at 64°. In a series of experiments carried out in this manner, there was in no case more 
than 0-2 ( r(I{II) in the product Analysis of a series of pr ducts. (Found: Cr, 11 53, 11-85, 11-60 
Calc. for CrOs°C,,H,,N: Cr, 13-42%.) The infra-red spectrum of the addition compound was taken 
and gave ads rption bands characteristic of acetone The “Cr calculated for the complex 
CrOyC,,H.,N(CH,),C=O is 11-67 which agrees well with the analytical data obtained 

Alter these results were obtained the reaction of chromium(VI) oxide with tribenzylamine was 
carried Out as follows: After the acetone solutions of the two reactants were mixed at —80° the mix- 
ture was shaken every 2 or 3 min. After about 3 hr a yellow, finely divided solid had formed. This 
solid was isolated by centrifugation. It melted at 112 rhis yellow solid contained very small 
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amounts of the orange crystals obtained by the other procedure. The yellow product is soluble in 
acetone and ethyl alcoho!, but is insoluble in ether. Analysis of th ¢ yellow solid from a series of these 
experiments at varying mole ratios showed the presence of from 0-2 to 0-4%% CrilIf) Analyses for 
Cr(VI) for this series are as follows. (Found: Cr. 13-37. 12-70 12:54. Cale. for CrO,C,,H,,N: 
Cr, 13-42. Calc. for Cro, 2C,,H,,N: Cr, 7-20°%.) To further el cidate the relation between the 
orange and yellow products, a sample of the or: inge crystals was finely ground and placed under 


reduced pressure at room ten perature oe The colour changed to yellow and the infra-red 
Spectrum contained no acetone bands appears, therefore, that the immediate product of the 
chromium(V1) oxide-tribenzylamine reaction is yellow rO,(C,.H,CH,),N but that on st anding in 
the acetone solution (or Suspension) the yellow adduct is slowly converted to orange crystals of 


DISCUSSION 


The results of the study of the reactions of chromium(VI) oxide with quinaldine, 
acridine, 1,10-phenanthroline and tribenzylamine have shown that these substances 
behave in a manner analogous to that of x-picoline™? in that all four of these amines 
form | : 1 addition compounds with chromium(V1) oxide provided that the reactions 
are carried out at low temperature. If it is accepted that the factor which determines 
the formula of these addition compounds is steric then we may assume that steric 
interference about the nitrogen atom in quinaldine, acridine and tribenzylamine is of 
the same order as that in «- picoline and is intermediate between that in 2.6-lutidine and 
2,4,6-collidine which do not form addition compounds with chromium(VI) oxide and 
that of pyridine, /-picoline, y-picoline, and quinoline which readily form compounds 
of the formula CrO,-2B 

In the case of 1,10-phenanthroline we cannot be sure that the ] | adduct obtained 
is really analogous to the other | : 1 addition compounds; for there is a distinct 
possibility that both nitrogen atoms of the phenanthroline are co-ordinated with the 
chromium atom. From the structure of 1,10-phenanthroline and its usual behaviour 
on co-ordination, bidentate chelation is highly probable. This is in accord with the 
tentative suggestion in an earler paper? that adducts of the general formula CrO,-2B 
contain 5-covalent chromium. 

One may view the reactions of chromium(VI) oxide with nitrogen bases as in- 
volving, as a first Stage, the formation of the 1 : 1 adduct. This process requires the 
conversion of the octahedral chromium in the solid C rO, to a tetrahedral configuration 
in analogy to the hydration of C rO, to chromic acid. In those instances where further 

co-ordination is not restricted by steric or other factors the 1 : 1 adduct may be 
converted to the product CrO,:2B in which it is probable that the co- ordination 
number of chromium is lncuensed from four to five. 

The formation of the stoicheiometric acetone solvate. C rO;(C,H.CH,),- 

N-(CH;),CO, in the reaction of chromium(VI) oxide with tribenzylamine may be 
interpreted in similar terms. The relative steric requirements of acetone and tribenzyl- 
amine may permit the acetone to add to the chromium during the second Stage of the 
reaction. If the acetone actu; illy is co-ordinated, the bindi ng must be relatively weak 
as evidenced by the ease of its removal under vacuum and by the occurrence of the 


C=O stretching frequency essentially unaltered in the infra-red spectrum of the 


solvated addition compound. 
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TETRAVALENT LANTHANIDES—I 
SODIUM PRASEODYMIUM(IV) FLUORIDES*# 
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Los Alamos Scientific Laboratorv. Un versity of California 
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Abstract—The compounds NaPrF, and Na,PrF, containing tetravalent praseodymium have been 
prepared by oxidation of the chlorides with elementa! fluorine at elevated temperatures. The com- 


pounds were identified by X-ray diffraction methods. Further proof of the tetravalency of the prase- 
odymium was obtained by absorption spectrophotometry and by iodometry. 


OF the fifteen lanthanide elements, only cerium, praseodymium, and terbium form 
compounds in which the lanthanide is in the plus four oxidation state. The dioxides 
of these elements have all been prepared."**) The tetrafluorides of cerium and 
terbium also have been prepared,*®) but similar attempts to prepare PrF, were 
unsuccessful":*-?) except in solid solutions with cerium tetrafluoride.(®) 

In a long series of papers, Professor WILHELM KLEMM and his colleagues have 
reported the preparation of compounds containing an alkali metal, fluorine, and a 


transition metal where the transition metal has an oxidation State much higher than 
usual, i.e. K,NiF, and K,NiF,. It was felt that such an approach might yield a stable 
compound containing Pr(I[V). The compound KPrF, has been reported but has not 


been completely characterized 
After the completion of this work Hoppt reported in a note the preparation of 


| metal-prascodymium(IV) fluorides where the ratio of alkali metal to prase- 


odymium was two. Few data are given in Hoppe’s brief note although X-rav Studies, 
ignetic susceptibility, and lide ion oxidation were used to prove the tetravalency 
praseodymium in these c pound 
In this paper, a study of the sodium praseod m fluoride system is reported 
where the sodium to praseodymium ratios are | | and 4:1. 


EXPERIMENTAI 


tudy were 99 


7 per All other chemicals were ol 


purification. The fluorine gas was obtained from 
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pressurized cylinders and passed through a sodium fluoride-potassium fluoride trap to remove HF. 
The fluorinator has been described previously.'™* 

Standard solutions of the rare earths were prepared by dissolving weighed amounts of the oxide 
in hydrochloric acid. Alkali metal chloride standard solutions were also pre pared Aliquots of these 
solutions were then mixed to prepare different stoicheiometric ratios of alkali metal to lanthanide 
These chloride solutions were heated and evaporated to dryness in air in a mullite mortar and then 
ground to a fine powder. This powder was placed in a well in an optical quality calcium fluoride 
disk. Fluorination of the mixture was then carried out in a nickel fluorinator at temperatures from 
200° to 400°C over a period of hours. After displacement of fluorine gas from the fluorinator by 
helium, the samples were removed and quickly capped by a thin, fused-silica disk. using a fluoro- 
carbon grease to insure a seal between the calcium fluoride holder and the silica disk. Such a mounting 
protected the product from the atmosphere and allowed it to be examined in the model 14 ¢ ary 
Spectrophotometer. The technique used for spectral determinations has been described in connexion 
with similar studies on the tetrafluorides of americium and curium.'™ 

An inert atmosphere drybox was used for preparation of X-ray samples. A conventional thin- 
walled capillary was employed to mount the samples and showed no evidence of attack over a period 
of many hours. The patterns were obtained by means of a 114-6 mm diameter camera with Eastman 
Type A or AA film using filtered copper radiation 

An iodometric method was developed using CeF, as a standard material. Aluminium chloride 
was added to the iodide solution to aid in the dissolution of the fluoride. Pure CeF, was added to a 
solution I M in KI, 1 M in HCl, and I M in AICI,, and the solution was stirred for 1 hr in an argon 
atmosphere. Consistent values corresponding to 97-98 per cent Ce(IV) were obtained upon titration 
of the liberated iodine by standard thiosulphate. This same technique was used for analysis of the 
praseodymium samples 


RESULTS AND DISCUSSION 
Visual observation showed that the fluorinated products were white in comparison 
with the pale green starting materials. In Table | the analytical data are given for 
the oxidized compounds. 


Taste | EVIDENCE FOR THE EXISTENCE OF TETRA\ ALENT PRASEODYMIUM 


Na/Pr Absorption spectra lodometric analysis X-Ray diffraction data 


weak Prilll) lines 75° PrilV) NaPrF,, rhombohedral, 
85 Prilv) a 8-96 OO2A 
107-9 0-2 
very weak PriIIl) 97°. Prilv) Na,PrF,, orthorhombic, 
| ines, >95°% Pr(IV) a = 5-544002A 
b = 3-97 + 002A 
11:57 + 0-06A 
4:1 very weak PrilIil) 97°. PrilV) good diffraction pattern, 


lines, > 95°. PrilV) not identified 


The absorption spectra values were based on the relative absence of the Pr(IIl) 
maxima in the oxidized compound compared to the strong absorption reappearing 
after hydrogen reduction. The low value of about 85 per cent Pr(IV) for the 1:1 
compound could be due to rapid attack by the atmosphere during transfer of the 
sample, since it was observed that this 1:1 compound was considerably less stable 
than the other two. No distinct structure was observed for the oxidized species over 
the range 2500-20,000 A, although increased ultra-violet absorption was noted. 
Since Pr(IV) is isoelectronic with Ce(II1), the absence of absorption in the visible and 


L. B. Asprey, J. Amer. Chem. Sox 76, 2019 (1954). 
' L. B. Asprey and T. K. Keenan, J Inorg. Nucl. Chem. 7, 27 (1958). 
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near infra-red is not surprising. In the ultra-violet, due to the increased light scattering 
by the crystals, the weaker intensity of the light source and the greater general ab- 
sorption by the compounds in the ultra-violet, it is possible that weak narrow peaks 
may exist, although none were found. 


lodometric ang ilysis of the compound conti ining a 1:1 ratio of sodium to praseo- 
dymium gave variable results, the highest corresponding to 76 percent Pr(lV). It was 


observed that this compound dissolved much more rapidly than the others with a 


considerable evolution of gas. It seems probable that the low value of the oxidation 
number obtained was due to the r: ipid oxidation of water by the Pr(IV). 

X-Ray powder patterns were obtained for the three compounds, and for the 
products of their reduction. In the case of the sodium to praseodymium ratio of 1:1, 
a rhombohedral structure was found, isostructural with NaUF ." The pattern of 
this same material after hydrogen reduction at 400°C showed it to be primarily 
hexagonal’ NaPrF, with a = 6-11 + 0-01 A and c = 3-74 + 0-01 A. isostructural 
with NaPuF,.“ The compound with a sodium to praseodymium ratio of 2:1 was 
identified as being y-Na,PrF,, isostructural with orthorhombic y-N a,UF,."" The 
reduction product was composed of NaPrF, and NaF. The compound with a 
sodium to praseodymium ratio of 4:1 could not be identified but showed NaPrF, 
and NaF to be present after reduction, with more NaF than in the 2:1 case. 


OTHER TETRAVALENT RARE EARTHS 

Some evidence has been obtained for the existence of tetravalent neodymium and 
dysprosium in complex fluorides with the heavy alkali metals, rubidium and cesium. 
Further work is being carried out on these compounds in collaboration with R. Hoppr 
and W. KLemoM at the U niversity 


of Miinster. 


Acknowledgements 


Thanks are especially due to Professor JoHN C. BamLar. Jr.. who originally 
called our attention to the work of KLEMM et a/ We wish also to thank F. H. ELtincer of this Labora- 
tory for the preparation and interpretation of the X-ray powder patterns 


1) W. H. ZACHARIASEN, J. Amer. Chem. Sox 70, 2147 (19 


Vol, 
16 
1960/67 


: : 
= 
= 
> ‘ 
4s) 
= 


J. Inorg. Nucl, Chem., 1961, Vol, 16, pp. 263 to 267. Pergamon Press Lid. Printed in Northern Ireland 
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F. VRATNY**, M. Tsar and J. M. Honic? 


Department of Chemistry, Purdue University, Lafayette, Indiana 


(Received 8 June 1960) 


Abstract—The spectra of praseodymium oxides (PrO,) has been studied in the composition range 
1-5 x 1-83 from 200 to 2000 mu. An ultra-violet cut-off was observed at about 320 mu. Elec- 
tronic transitions associated with the praseodymium ion are observed in the spectral range 400 650 
my, and a band observed in the near infra-red which begins at 900 my: 


THE reflectance spectra of various praseodymium oxides have been measured as a 
part of a study on the oxidation chemistry of this oxide system. 

This material has been previously studied by EPHRAIM and BLock"’, who obtained 
the spectra of Pr,O, in the visible region of the spectra. This oxide was also studied 
cursorily by MAzza and JANeLLI® and BOULANGER™’. The oxide PrO,.., has been 
investigated by Hass et al." 

In the present study an attempt is made to obtain information on the oxides PrO, 
in the composition range 1-50 < x < 1-83. It is known that the electrical properties 
undergo a rather marked change as the composition is altered from PrO,., to PrO, 45. 
The conductivity is markedly changed,‘® and the thermo-clectric properties greatly 


effected.'® Because of the immediate relation between electrical and optical properties” 
and the need of information in this regard it was felt desirable to obtain data on the 
spectra of PrO.. 


EXPERIMENTAL 


The matezial used for this study was obtained from F. H. Spedding, lowa State College, and The 
Lindsay Chemical Company and had a purity of greater than 99-9 The non-stoicheiometric com- 
positions were prepared by heating under vacuum conditions, or under controlled oxygen pressure at a 
series of definite temperatures. The samples were then analysed for oxygen in excess of the PrO,.s 
composition by means of vacuum technique previously described.'*’ The compositions indicated are 
accurate to about 0-003 stoicheiometric units 

The powdered samples were pressed into aluminium planchets, and the spectra observed by means 
of a Beckman DU spectrophotometer and reflection attachment. The intensities were referred to 
magnesium carbonate U.S.P. as a reference standard; a photomultiplier tube was used in the 


* This research was supported by the United States Air Force under contract No. AF 18(603)-45 and the 
Lincoln Laboratories, a technical center operated by the Massachusetts Institute of Technology under sub 
contract 208 of the prime contract AF 19(604)-520, 

** Present address: Bell Telephone Lab., Murray Hill, N.J 
* Present address: Lincoln Lab., Lexington, Mass. 
The authors wish to thank Dr. R. B. FiscHer for the loan of the latter equipment 
F. Epuram and R. Biock, Ber. Dtsch. Chem. Ges. 61, B 80 (1938). 
L. Mazza and A. JaNeLut, Atti Accad. Linncei 7, 44 (1951) 
F. Boutancer, C. R. Acad. Sci., Paris 233, 650 (1951) 
G. Hass, J. B. Ramsey, A. THun, J. Opt. Soc. Amer. 49, 116 (1959). 
M. Forex, C. R. Acad. Sci., Paris 220, 359 (1945) 
so) R. L. Martin, Nature, Lond. 165, 202 (1950); “’ Quarterly Progress Report, Solid State Research, 

Lincoln Lab., Massachusetts Inst. of Tech., Jan. 1960, July 1959 

A. H. WiLson, Theory of Metals. Cambridge University Press (1960); “’ F. Setz, Modern Theory of 

Solids. McGraw-Hill, New York (1940) 

*) F. Vratny Anal. Chim. Acta 21, 579 (1959) 
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The measurement techniques have been previously described by one of the authors ‘* 
From previous experience and results reported from the National Bureau of Standards''® it is felt 


The reflectance spectra are reproduced in | igs. 1-3. From these figures it may be 


seen that in general PrO, has a low reflectance in the ultra-violet and near infra-red 


Fic. 1.—Ultra-violet reflectance spectra of Pro, 


regions, and that as x in PrO, increases the reflectance decreases. Further, there are 
relatively distinct absorption bands in the region 400-600 my. The ultra-violet cut-off 
at about 320 mu corresponds to an energy gap, £,, which changes in a sigmoidal 
fashion with composition, see Fig. 4. Beyond the composition PrO,.. significant 
values of E, could not be obtained due to the low reflectance for the higher oxides. 


'°) Spectrophotometry, 200 to 2000 mu Circ. No. 484. U.S Dept. of Commerce, National Bureau of 
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EPHRAIM and BLock"” who have studied the spectra of the sesquioxides have 
mentioned the above absorption bands. It would seem apparent that as one passes 
from the liquid to solid state one might expect a significant change in the field of the 
central metal ion. This would give the observed changes in the spectra noted above, 
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Fic. 4.—Variation in energy gap E, with composition of PrO,. 
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Fic. 5.—Variation in reflectance maximum at 700 my with composition of PrO,. 


and would also explain the differences noted in the spectra of the A and C modification 
of Pr,O,. 

Under the conditions of preparation used to obtain the material for this study, 
the “Pr,O,” exists in the hexagonal A configuration" with a co-ordination number 


|) G. Braver and H. Grapinoer, Z. Anorg. Chem. 277 89 (1954). 
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of seven. This configuration is of a lower symmetry than one would normally expect 
in solution. As x is increased, further asymmetry must occur, a gradual phase 
transition to the b.c.c. configuration sets in at x = 1-53 and is complete at x = 1-65," 
It is of interest to note the rapid change in reflectance which occurs at about x — 1-53. 
see Fig. 5. The X-ray findings associated with this study have been confirmed on PrO_ 
in this laboratory." 

It is to be noted that the electronic transition of the praseodymium ion cannot 
be observed beyond a composition of x = 1-56. At this composition the sample 
has assumed a brown colour. 

For the composition range 1-65 < x < 1-80 the b.c.c. structure predominates, 
though gradually it gives way to a rhombohedral configuration, with the transition 
being complete at x = 1-71. Throughout this region of composition the reflectance 
of the oxides was nearly constant. A final decrease in reflectance was noted in the 
region of PrO, «5. 

Work is presently in progress on the electrical properties of these materials. It is 
felt that a correlation of electrical and optical properties wil! aid in the understanding 
of the solid state character of the oxide system PrO,. 

“*) D. J. M. Bevan, J. Inorg. Nucl. Chem. 1, 49 (1955). 


*’ Technical Status Report 11, Air Force Office of Scientific Research. S. R.O. M.S AF 18 (603)-45, 
December 31, 1958. Unpublished 
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ISOTOPIC TRACER STUDIES ON THE THERMAL 
DECOMPOSITION OF URANIUM PEROXIDE 


G. GORDON and H. Taust 


George Herbert Jones Laboratory, The University of ¢ hicago, Chicago 


(Received 27 ipril 1960; in revised form 20 June 1960) 


Abstract Isotopic tracer studies using ‘*O show that on the decomposition of UO,-2H,O, the oxygen 


formed originates entirely in the peroxide, and that water is liberated without contamination by 


“uranyl” or “peroxide” oxygen he second observation shows that only the oxide formed on 
decomposition of O,*~ is incorporated into the product UO,, and also proves that UO,-H,O,-H,O 


IS NOt a proper constitutional formula of the peroxide 


The conclusions summarized depend on observations for s\ stems in which only partial decomposi- 


tion has taken place. The products do inter-equilibrate readily, and samples removed after complete 


decomposition show evidence of this 


ALTHOUGH arguments have been presented for existence of uranium peroxide as a true 
peroxide hydrate (UO,-2H,O,"2 H,UO,-H,O™), some authors have considered it to 
be an addition compound of uranium oxide, | 0,°H,0,-H,0."*) 


Isotope tracer experiments using '*O have been carried out by us in an attempt to 


differentiate between the two formulations. and to learn something about the course of 


the decomposition reaction. The products of the decomposition have been variously 
reported as U,O,,°) UO,, and UO, H,O” (in addition to O, and H.O) and we 


have therefore also examined and made chemical analyses of the uranium products 


formed in our experiments 


EXPERIMENTAI 


All ot the chemicals used were reagent verade Baker and Adamso uranyi nitrate hexahydrate 
was fumed with 70 per cent perchloric 1 to remove nitrate rhe resulti iranyl perchlorate 
was recrystallized six times using dist lled water Uranium solutios $s were analy i either by ignition 


to U,0O, or by reduction to uranium(lV) and subsequent titration with cerric sulphate as described 


elsewhere.'*’ Peroxide oxygen was determined by dissolution of the peroxide in cold 1 M H,SO, 


and subsequent titration with KMnO,. Two samples of uranium peroxide, enriched in **O, were 


prepared from solutions of uranyl perchlorate by a modification of the procedure reported by Watr” 


The solutions were kept cold to minimize isot ypic exchange during the precipitation. Both samples 


were prepared using H,O, of normal isotopic composition and fourfold '*O enriched UOC lOgs 
5H,O. For sample I, the solvent was enriched 3-43-fold in ‘“O, and for sample Il, 8-69-fold. The 


resulting precipitates were washed with cold distilled water and dried in vacuo to constant weight at 
room temperature. The powdered samples were stored in vacuo over conc H,SO,. (Found: U, 70-0: 
peroxidic oxygen, 9-40. Calc. for UO,2H,O: U, 70-4: peroxidic oxygen, 9-46°,). The enriched 
uranyl salt was prepared by heating normal UO(CIO,),-5H,O in 0-5 M H¢ lO, (in eightfold *O 
enriched water) solution for 48 hr and purified by recrystallization of the perchlorate. 


) G. W. Watt, S. L. AcHorn, and J. I Mar ey, J. Amer. Chem. Soc. 72, 3341 (1950). 

*) J. E. Boccs and M. Ex-Cuenaai, J. Amer. Chem. Sox 79, 4258 (1957) 

® R. E. DeMarco, D. E. Ricnarps, T. J. Cor Lopy and R. C. Assorr, J. Amer. Chem. Sox 81, 4167 (1959). 
C. DuvaL, Analyt. Chem. Acta 3, 337 (1949) 

C, DuvaL, C.R. Acad. Sci., Paris 227, 679 (1948) 

©) R. F. Lernincer, J. P. Hunt, and D. E. KOSHLAND, Jr., U.S.A.E.C. TID 5290, Book 2 704-21 (1958). 
Chem. Abstr. 53, 18712f (1959) 

G. Tripot, Ann. Chim. 10, 225 (1955) 

‘®) J. HALPERN and J. G. Smitu, Canad. J. Chem. 34, 1419 (1956). 
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Samples (0-1-0-2 g) of UO,2H,O were placed into a Pyrex vessel on a high vacuum line, 


evacuated to a pressure of less than 10°-* mm He and decompose d ther y ina bath of paraffin oil 
Water was trapped using a methanol-solid ( QO, slurry. A portion of xygen was trapped using 
liquid nitrogen Samples of trapped H,O and UO, were heated to 400°C with a mixture of HgeCl, 
and He(CN) The carbon dioxide formed was purified for analys ic amalgam at 200°C.'* 
The isotope Composition of carbon dioxide, thus prepared, and pure oxygen samples were read 
directly on the mass spectrometer. In all experiments reported, a n i f 20 per cent decomposi- 
tion occurred before O, or HO samples were removed for analysis 

Infra-red absorption Spectra were run on KBr disks of the original peroxide. the partially de- 
composed peroxide, and on the completely decomposed peroxide. The spectra of | O,2H,0 and 
the final product, presumably UO,, agree well with those reported for these compounds in the 
literature. No evidence was found in the spectra for any hydrated forn f UO,. The absence of an 


absorption peak at 1390-1410 cm * is used as evidence that | 2U,; was not formed during the in vacuo 
thermal decomposition 

The stoicheiometry of the thermal decomposition was also determined by analysis of the products. 
In agreement with LemniNGer and coworkers,'”’ the thermal decomposition of UO,H,O, at tempera- 
tures above 150°, can be represented by equation (1). 


2U0,2H,0 -+ 2U0, + O 4H,0 (1) 


lerition of the product oxide to U,O, showed it to be 99 per cent pure UO,. The X-ray diffraction 
atterns of the product oxide showed it to be amorphous. The oxide also effervesced when dissolved 


in dilute acid, but it did not decolorize dilute K Mn¢ ), solutions 


Che enrichment ratio of Samples I and II is given in Table 1. The entries for H,O 


LTS AND DISCUSSION 


and O, correspond to the isotopic composition of the starting material. The enrich- 
ment ratio of UO,** was calculated from the overall enrichment of the solid peroxide 


less the enrichment of the water and peroxide. 


| ENRICHMENT RATIOS* OF CONSTITUENTS OF URANY! PEROXIDE 


TABLE 


Sample H,O 


Sample | 
Sample II 5-96 8-69 1-00 


* Normal, as measured on this scale, is 1-00 
The results obtained on examining the isotopic composition of the products are 
presented in Table 2 (O,) and in Table 3 (H,O and UO,). Interchange of oxygen 
between the products takes place when they are left in contact for extended periods of 
time at elevated temperajures. Therefore, to learn the isotopic course of the decompo- 
sition, the data for experiments in which the gaseous products were removed, and the 
period of heating was short, should be considered 

Experiments 2.1, 2.2, 2.4, 2.9, and 2.10 show that the oxygen which is given off has 
substantially the isotopic composition of the peroxide. This confirms the assumption 
implicit in the entry in Table | that the peroxidic oxygen retains its identity. Experi- 
ments 3.1, and 3.4 show that H,O is released without exchange with UO,**, and 
substantially without contamination by peroxidic oxygen. Even in experiment 3.1, ca. 
30 per cent of the compound was decomposed, and if the oxide released on decompo- 
sition of O,*-(20,7> —» 20° O,) exchanged with the H,O, a large decrease in the 


‘*) M. Ansar and S. Gutman, J. Appl. Rad. Isotopes §, 233 (1959), 
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enrichment ratio would have been observed. We infer from the tracer results that 


the O*~ released on the decomposition of the peroxide enters the UO. shase. Asa 
I P | 


corollary of the observations it follows that the constitution is not represented by the 
formula UO,-H,O,°H,O 


Experiments 3.2, 3.3, 3.5, and 3.6 indicate that upon complete decomposition of 
uranyl peroxide UO;, H,O and O, do exchange. JoHNSTON ef al. have shown that 


O, and water was detectable at 25° and the exchange was 


oxygen exchange between | 


TABLE 2 ENRICHMENT RATIO OF PRODUt 


Experiment 


2 | 

2 50 min at 170 I 1-10 
2.4 20 sec at 170 | wl 1-07 
ye 20 min at 170 | II 1-23 
2.6 60 min at 170 Il 1-28 
2.7 10 min at 350 | II 2:13 

O, not trapped | 

2.8 20 min at 200 Il 1-21 
2.9 20 sec at 200 II 1-08 
2.10 20 sec at 200 I 1-04 
2.11 30 min at 300 lI 2-94 


O, not trapped 
2.12 30 min at 300 I 2-09 
O, not trapped 
| 
* Oxygen gas trapped unless indicated otherwise 


TABLE 3. ENRICHMENT RATIO OF PRODUCT UO. AND H,.O 


Enrichment ratio 


Experiment Conditions | Sample }——— — 


= 

2 

4 


complete in 4 hr at 100°, presumably by the formation of | O;°H,O. From these data 
it appears that the exchange between UO, and H,O should be complete in several 
minutes at temperatures above 150° if a hydrated uranium oxide is formed as an 
intermediate. In our experiments the UO, is not at isotopic equilibrium with the 
water produced after 120 min at 170—-200°. Thus, we assume that appreciable amounts 
of hydrated uranium oxide do not form during the thermal decomposition of uranium 
peroxide under our conditions. The exchange which takes place on complete 
decomposition may occur while the gaseous products diffuse through the reaction 
mixture in which large amounts of UO, have accumulated 


“® F. J. Jounston, D. A. Hutcuinson and J. J. Katz, J. Inorg. Nucl. Chem. 7, 392 (1958) 
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| | 
| | 
| UO, | 
3.1 1§ min at 150 Il 8.63 
3.2 hr at 150 | il 5-42 6-65 
22 hr at 17 II 5.3 | 
3.4 n | | | 3.3) 
35 
3.6 rs 
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Experiments 2.7, 2.11, and 2.12 were quite typical of runs in which the oxygen was 
not trapped during the decomposition. These results might be expected on the basis 
of studies of the exchange of oxygen between solid oxide and oxygen gas,‘10-12) 
experiments which were characterized by the occurrence of a portion of rapid exchange 
between the oxide surface and oxygen gas. 

On the basis of our experiments we conclude that uranium peroxide is a true 
peroxide hydrate containing three different oxygens in the ratio of 1: 1:1: that in the 
temperature range between 160-350° the products of decomposition are UO,, O, and 
H,O; that the peroxide oxide becomes part of the UO, phase without exchange with 
product water. The tracer experiments eliminate the formulation of uranium peroxide 
as 

Acknowledgement—This work was supported by the National Science Foundation under Grant 
No. NSF G-5411. 
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THE URANIUM(V)-CATALYSED EXCHANGE REACTION 
BETWEEN URANYL ION AND WATER IN 
PERCHLORIC ACID SOLUTION 


G. GoRDON* and H. TAUBE 
George Herbert Jones Laboratory, University of Chicago 


(Received 9 May 1960) 


Abstract—The exchange reaction between UO,** and H,O was studied at 25°. A method using 
ferrocyanide ion is described for the direct sampling of uranyl ion. The exchange reaction is catalysed 
by UO,* which disproportionates with a second order dependence on UO,*. The value of the 
specific rate appropriate to the rate law 
d(UoO,*) 


dt 


is found to be 435 at u 1-58. A mechanism for the exchange reaction is proposed and a minimum 
value for the rate of electron exchange between U(V) and U(VI) is given. Data for the uncatalysed 
reaction are also given 


THE exchange between UO,** and H,O has been reported to be very slow,” but some 
test experiments we performed preparatory to carrying out tracer studies on the 
oxidation of U(IV) showed that the exchange was not dependably slow. Other 
workers have also observed the rate of exchange to be difficult to reproduce and to 
vary from one preparation of uranyl salt to another..*.# We therefore undertook to 
discover the cause of the induced or catalysed exchange, and to learn just how rapid 
the intrinsic rate of exchange is. 

Previous attempts to study the UO,?*—-H,O exchange were based on a procedure 
in which solvent was sampled for isotopic analysis."’ This method has inherently 
low sensitivity, and is therefore less accurate than direct sampling of the uranyl ion. 
We have found that ferrocyanide ion provides a means of sampling the uranyl ion 
directly and the method based on its use gives analyses of high precision. 


EXPERIMENTAL 


All of the chemicals used in this work were reagent grade. Uranyl nitrate hexahydrate (Baker and 
Adamson) was the source of uranyl ion. Baker and Adamson perchloric acid (chloride free) was used 
to prepare uranyl perchlorate from uranyl nitrate. The uranyl perchlorate was recrystallized from 
distilled water six times. The resulting crystals were dried in vacuo and corresponded to the formula, 
(Found: U, 42°6. Calc. for U, 426%). The pentahydrate 
was stored in sealed tubes until ready for use 

Uranium analyses were made by electrolytic reduction of UO,** in 1 M HClO, using a Hg 
cathode and Pt anode in a compartmented cell. Providing the solution was kept cold (0°C) the 
reduction of U(VI) to U(LV) went to completion. Any U(ILL) formed was removed by a stream of 
oxygen. Uranium(IV) was titrated with cerric sulphate at 50° using ferroin as the indicator. 


* Present address: Department of Chemistry, University of Maryland, College Park, Maryland. 
‘) H. W. CRANDALL, J. Chem. Phys. 17, 602 (1949). 
'2) M. ANBAR, Weizmann Institute, private communication (1960). 
(3) J. J. Katz and S. Sunsui, Argonne National Laboratory, private communication (1960). 
‘*) 1. SHerr and H. Hyman, Argonne National Laboratory, private communication (1960). 
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The tracer experiments were done by adding perchloric acid solutions, enriched in H,"*O, to 
weighed samples of UO,(CIO,),-5H,O. Aliquots of UO,** were removed as a function of time, 
followed by precipitation with an aqueous solution of K,Fe(CN), and subsequent filtration. The 
detailed procedure used was as follows. The exchange reaction was quenched by the addition of an 
aliquot containing 0-2 mmole of UO,** solution to 0-5 ml of normal H,O followed by the addition of 
0-1 mmole of aqueous K,Fe(CN),. The solution was stirred rapidly by means of a magnetic stirrer. 
Fifty millilitres of acetone was added to aid filtration and the precipitate was collected on a sintered 


500 1000 1500 
time, hours 


Fic. 1.—-McKay plot for exchange of uranyl ion with water. 0-93 M UO,(CIO,),, 
and 1:00 M HCIO, 


glass filter. The precipitate was air dried about 1 min. The medium brown solid was transferred to a 
4 ml Pyrex glass ampoule with a break-off tip and a seal-off constriction together with 100 mg of 
analytical, vacuum dried, anhydrous HgCl,."*’ The ampoule was evacuated to about 10-* mm Hg., 
degassed, and sealed off under vacuum. The sample tubes were then heated to 400° for 2 hr, cooled 
and the ampoule was opened on a vacuum line. The gases formed were condensed by liquid N, into a 
second degassed ampoule containing 1-2 g Zn-Hg. The non-condensable gases were pumped off. 
The second ampoule was sealed off under vacuum and heated for 2 hr at 200°C, converting all the 
(CN), to Zn(CN),. The ampoule was opened on the vacuum line and the CO, was condensed into a 
closed tube (fitted with a stopcock) using liquid N,. The isotopic composition of the CO, was read 
directly on the mass spectrometer. The impurities introduced by this method were below the limits of 
detection with our mass spectrometer. 

Europic oxide was used to prepare Eu®* by the method of Livcane and Pecsox* using Zn 
amalgam. Solutions for use in experiments with Eu,* were degassed several times by repeated 
freezing and evacuation. The solutions were stored under an atmosphere of Linde High Purity Ny. 
The reaction vessels were flushed with nitrogen as were the solutions at the beginning of an experi- 
ment. 


RESULTS AND DISCUSSION 

Figure | shows a McKay“ plot for an exchange experiment with a 0-93 M solution 
of UO,** in 1:0 M HCIO,. The kinetic behaviour displayed is typical of the experi- 
ments we have done. Although the internal consistency for any one run was excellent, 
the agreement between similar runs was quite poor, particularly with respect to the 
rate at which the McKay plot would become linear. The fact that the McKay plots 
are non-linear shows that a net chemical change is taking place in the system, and the 
only reasonable possibility seems to be that a catalyst is decreasing in concentration 


‘®) M. Ansar and S. GuTTMANN, J. Appi. Rad. Isotopes 5, 233 (1959). 
‘*) J, J. LinGane and R. L. Pecsox, Analyt. Chem. 20, 425 (1948). 
') H. A. C. McKay, Nature, Lond. 142, 997 (1938). 
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as time increases. Among the possibilities that come to mind for the catalyst are: 
an impurity not derived from uranium, a lower oxidation state of uranium, some 
condensed species containing U(VI). The observations.” on the hydrolysis of 
UO,**, however, appear to rule out the last possibility for solutions 1 M in acid, and 
it is in any case ruled out by the further observations to be cited in the present paper. 

Attempts were made to prepare very pure solutions of uranyl perchlorate in 
perchloric acid by repeated purification using the following scheme. Uranyl 
perchlorate was crystallized six times from distilled water and then precipitated 
as the peroxide."® The peroxide was heated at 250° in vacuo and converted to UO,.4» 
The UO, was dissolved in dilute perchloric acid and uranyl perchlorate was re- 
crystallized twice. Uranyl peroxide was reprecipitated and the preceding procedure 
was repeated three times. Finally, UO, was dissolved in 70 per cent perchloric acid 
and diluted with a known volume of enriched H,O.* Once again non-linear MCKAY 
plots were obtained. 

Table 1 summarizes the results of experiments in which U(VI) solutions were 
prepared or treated in different ways. Experiments 1.08 and 1.09 show that neither 
H,O, nor O, appreciably catalyse the exchange. Experiment 1.03 in comparison 
with 1.02 suggests that U(IV) is not the primary catalyst, but the catalyst can be 
generated from it by UO,**. Experiment 1.07 shows that oxidizing agents also are 
effective. Experiment 1.01 in comparison with 1.04 Suggests that a reducing agent, 
in this case U(II1) acting on U(VI) also generates the catalyst. These experiments 
point to the conclusion that the catalyst is UO,*. Experiment 1.12 shows that the 


action of ultra-violet light on UO,** solutions also produces the catalyst, and this is 
again consistent with the view that the catalyst is UO,*. Light is known to reduce 
UO,**,".18) and the production of NpO,* from NpO,** is known to take place 


under the influence of light."* Heat” has shown that UO,* is probably responsible 
for the shift of the potential of a U(VI)-U(IV) electrode under illumination, and he 
refers also to the formation of U(V) in mixtures of U(IV) and U(VI). 

he study of the decay of the catalyst with time seems to confirm the view that 
it 1s indeed U(V). Uranium(V) can be generated substantially quantitatively from 
U(VI) by using Eu’ [he results of a number of experiments in which Eu** was 
added to UO,** in solution are presented in Table 2. Included are some experiments 
with Cr*+, which have special interest in connection with tracer experiments to be 
discussed in a future publication. Experiments 2.01 and 2.02 show that UO,* (as 
generated by Eu**) does indeed catalyse the exchange. Experiment 2.03 is a blank 
experiment using Eu** and substantially no catalysis occurs. Experiment 2.08 (along 


with its blank experiment, 2.09) shows that Cr** will also catalyse the exchange. 

The data for an experiment designed especially to follow the rate of decay of the 
catalyst are presented in Table 3. 

* Starting time of the reaction was taken to be the time of addition of the enriched H,0O. 


S. AHRLAN icta Chim. Scand. 3 
* L. G. SiLten, Proceedings of International Conference on Co-ordination Chemistr» p. 170 (1955). Reprinted 
{ror Re Tra Chim. 75, 705 (1956) 


G. W. Warr, S. L. ACHorN and J. L. Martey. J. Amer Chem. Soc. 72, 3341 (1950) 
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TABLE 1.—CATALYSIS OF THE EX¢ HANGE BETWEEN URANYI N AND WATER AT 25°C 


| 
| mmole | 
| racnior 
Experi | Source of Subst ince added t | 
Time of 
ment | uranyl ! UO catalyse excl 
4 jexchange 
used 


1.00 2 60sec | 0-000 
1.0] 5H,0 2 mmole fresh U(1V)* | 40sec | 0-045 
1.02 UOACIO,).5H,O 2 0-1 mmole fresh U(IV),* no | 40sec 0-015 
| UO iwwed 100 n 
1.03 | 5SH,O | 2 mmole U(IV),* 0-1 mmole 40 sec 0-133 
| | U(VI) aged 10 min | 
1.04 UOACIO,),5H,0 | 2 0-1 mmole U(IV),t not re- | 40sec 0-256 
| moved after electrolytic reduction 
1.05 UOACIO,),-5H,0 | 2 0-1 mmole fresh U(IV) (0-5 M 40 sec 0-030 
| | HCIO,) 
1.07 | UVOACIO,),5H,O 2 0-2 mmole U(IV)* + 0-1 mmole 40 sec | 0-295 
H,O, 
1.08 | UOACIO,),-5H,O 2 0-2 mmole H,O, 10 sec 0-000 
1.09 UVOACIO,),-5H,O 2 O, gas bubbled through solution 120sec | 0-000 
for 120 sec 
1.10 UO, in HCIO, 60sec | 0-546 
1.11 UO, in HCIO, I 60 sec 0-480 
1.12 | UOCIO,), 5H,O | Solutiont of UO, exposed to Hg 20hr | O115 
arc, 2537A, for 20 min: 


* U(IV) solutions prepared electrolytically, solutions 1-0 M in H¢ O, and U(II) present removed by 
bubbling O, through the solution 
Aged solution of |! 0; used in which t 8 for exchange was ~1()* hr 
1-00 M in HCIO, 


2 ATALYSIS OF EX«¢ HANGE BETWEEN URANYL ION ANI WATER BY URANIUM(YV) 


(AS GENERATED BY Eu®* anp Cr? 


Temperature Concentration of solution added Fraction 
Experiment | CC) Time - 
(mole/| exc ange 
2.01 25 0-004 Eu**** 40 sec | 0-286 
2.02 0 | 00013 Eu®*,06MH*+ 40 sec 0-158 
2.03 25 0-004 Eu*** 40 sec 0-026 
2.04 25 9-0 10-* M Eu**** 0-62 min + 0-423 
2.05 25 9-0, 10-* M Eu**+** 1-17 min? 0-451 
2.06 25 9-0, 10°* M Eu**** 2:17 min? 0-484 
2.07 25 | 90, M Eu**** 4-00 min? 0-527 
2.08 25 | OO1 Cr**** | 40 sec 0-186 
2.09 25 | O01 Crv** | 40 sec | 0027 


* Added to 1-0 mmole of 1-00 M UO,!* in 1-00 M H¢ lO, 
+ Eu** was added to UO,"*, stored for 10 sec then added to 1:00 mmole of UO,**, in 1 M HCIO,. 
t ¢ from time 9 0, 10-* M Eu** was added to 1 oO, 
** Added to 5-00 mmoles of 0-50 M I 0, 1 1-00 M HClO, 
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If we accept the assumption that the rate of the catalysed exchange between 
UO,** and H,0 is first order in UO,*, then the half-life for the UO,”*-H,0 exchange 
at any instant (/;,.) is inversely proportional to the concentration of the catalyst. 
Now if UO,* disappears by a second order reaction, as in the experiments on its 
disproportionation done by KERN and ORLEMANN"”), then 


Which is 


should increase linearly with ¢, the time of reaction Fig. 2 presents the results which 
are obtained when the data of Table 3 are treated as implied. The values of £,' were 
obtained by taking slopes in the McKay plot of the data of Table 3. The results 


TABLE 3 DECAY OF URANIUM(V) CATALYST AS A FUNCTION Of TIME FoR 0-50 M 
UOACIO,), SOLUTION IN 0-0811 M HC 1O,* 


©) (as C@).) 


0-00407 5 
0-004336 O-9YRO 
004 700 
00 0-005134 0-917 


0-005678 O-873 


0-006200 


0-006305 0-824 

0-006375 
60-0 | 0-006394 O-817 
150 0-006461 0-812 
300 0-006473 
600 0-006562 0-804 
1500 0-006858 0-780 


0-0167007 


*UO tially generated at 7-2 10°*M 
of mole fraction of solute and solvent. 


of Fig. 2 confirm the second-order law for the disappearance of the catalyst. The 
initial concentration is taken to be equivalent to the Eu2* added and from the slope 
and intercept the specific rate for the disproportionation can be calculated. The 
value of specific rate appropriate to the rate law”) 


MUO,*)/dt = 


is found to be 435 M~* sec". KeRN and ORLEMANN report values of k in the range of 
ft = 0-1-0-4, & increasing with wu and reaching a value of 135 at u = 0-4. Our value 
obtained at u 1-58 is therefore consistent with theirs. 

The deviation from linearity in Fig. 2 after four half-lives indicates that U(V) 
is also being removed by some process less than second order in | O,*, and this may 
be by air oxidation. 

[he data in Fig. | have been treated in a similar manner. A graph of (t},.) 


against (7) is linear and, assuming an extrapolated value of 600 for k in a solution 


7) D. M. H. Kern and E. fF ORLEMANN, J. Amer. Chem. Soc. 71, 2102 (1949). 
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of u 3-8, we calculate an initial concentration of U(V) present in the 0-93 M 
UO,** solution as 1-2 « 10°* M. 

Experiments 2.03-2.07 consist of the data collected for an experiment using 
0-50 M UO,** in 1-00 M HCIO,. The specilic rate constant for the disproportionation 
of UO,» at the higher ionic strength prevailing is expected to be ca. 6 « 10°. The first 
sample was taken at the end of 37 sec, and only 1/32 of the original U(V) should be 
left (~five half-lives have passed). Treatment of these data in the manner described 
results in a value of k = 4 10°, which is in reasonable agreement with our other 
values. 


Fi 2 italyst decay (see text) for 05 M 


n 0-0811 M HCIO, with UO,* generated at 7-2 x 10°* M (initial 


We suggest that the mechanism for the catalysed exchange is as follows 
UO,* + H,O* + UO,** + H,O 


UO,** + UO,*** + UO, 


If this mechanism is accepted, we can calculate a minimum value of the rate of electron 
exchange between U(V) and U(VI), knowing the value of UO, appropriate to a 
particular value of ¢}., and the value of the UO,?* concentration. A value of 52-0 
sec”! is calculated for 1-0 M HCIO, and 2-9 for 0-081] M HCIO,. 
Our value of 52-0 M~' sec”! is consistent with a value of 110 M-" sec” extrapolated 
from the NpO,?*—NpO,* systems as reported by COHEN ef a/."*) 

In view of the weak dependence of the rate of electron exchange for the NpO,**- 
NpO,* system on hydrogen ion concentration, it is unlikely that the value of the 
lower limit for the specific rate at low acid actually measures the rate of electron 
transfer, and it is more likely that at low acid the rate of oxygen exchange between 


‘’ D. Cowen, J.C. SULLIVAN and J.C. HINDMAN, J Amer. Chem. Soc. 76, 352 (1954). 
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UO,* and H,O becomes rate determining. This in turn suggests that the substitution 
lability of UO,* increases with acidity. Another result of great interest is derived 
from the comparison of the substitution lability of UO,* with that of UO,* (the 
latter as determined in experiments to be outlined following this paragraph). If the 
mechanism as represented above describes the catalysed UO,?*—-H,O exchange, then 
the rate of oxygen exchange between UO,* and H,O must be equal to, or exceed, 
the rate of oxygen exchange between UO,** and H,0 as catalysed by UO,*. Now 
from Fig. 2, taking tf} = 5 min when (UO,*) = 7-2 x 10-4, 


k,(UO,*) > k,(UO,**) 


(0-69)(0-50) 
(5)(60)(7:2 x 10-4) 


or 1-6 


where &, is the specific rate for the UO,*—H,O exchange. The specific rate for the 
intrinsic UO,?*—-H,O exchange by a first order process is <1-6 x 10-7, so that the 


TABLE 4.—EXCHANGE EXPERIMENTS BETWEEN UO,*+ AND H,O IN 
PERCHLORIC ACID SOLUTIONS 


(UO,**) (H*) 


mole/I. mole/l. Misc. tie (hr) 


1-0 Cl, 75 x 10° 
10 Cl, 40 x 10° 
0-081, Cl, 575 


labilities of UO,* and UO,?* differ by a factor of at least 10’ in 0-0811 M HCIO,. 

The specific rate for the intrinsic UO,** exchange in 1:00 M HClO, is <4-8 x 
10-* and the lower limit for the specific rate for the UO,*—H,O exchange in 1-00 M 
HCIO, is 1-8 x 10°. Thus the labilities of UO,* and UO,** in 1:00 M HCIO, differ 
by at least 3 x 10%. 

Three other experiments are summarized in Table 4. These experiments were done 
in solutions through which Cl, gas had been bubbled prior to the mixing of UO,?* 
and H,O.t The McKay plots are linear and the ft, values are listed in the table. 
The data indicate quite clearly that exchange reaction between UO,”* and H,O has a 
negative hydrogen ion dependence These experiments were not done at constant ionic 
strength and certainly suggest that the UO,**-H,O system be investigated in more 
detail. The fact that Cl, rapidly destroys the active catalyst is itself the strongest 
proof that the catalyst is not U(IV)—U(IV) reacts only slowly with Cl,. 


Acknowledgement—This work was supported by the National Science Foundation under Contract 
No. NSF G-5411. 


t It appears the Cl, quantitatively oxidizes UO,*. 
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THE THERMAL DECOMPOSITION OF 
LANTHANUM OXALATE* 


A. GLASNER and M. STEINBERG** 
Department of Inorganic and Analytical Chemistry, The Hebrew University of Jerusalem 


(Received 8 February 1960; in revised form 5 April 1960) 


Abstract—Anhydrous lanthanum oxalate is stable at 320°C. On heating this salt at higher tempera- 
tures intermediates are produced which appear to correspond to definite compositions, but they are 
contaminated with finely dispersed carbon. The course of the decomposition in vacuum, as followed 
by measuring the increase of pressure, is typical of some branching chain reactions in solids, and 
Prout and Tompkins’ equation applies. 

The constant high proportion of carbon dioxide in the evolving gases, the infra-red spectra of the 
solid residues and other experimental results, are explained by the initial conversion of the oxalate 
into carbonate and carbon monoxide. The latter disproportionates into carbon dioxide and carbon, 
under the high pressure existing in the channels through which the gases surge out of the decomposing 
crystallites. 

The compositions of the intermediates obtained at temperatures up to 420°C are given in Table 4. 
The activation energy of the initial decomposition of the oxalate is 31-7 kcal/mole. 


Tuis work was begun with the intention of making a comparative study of the thermal 
behaviour and the kinetics of decomposition of the rare earth oxalates. It was also of 
interest to know whether stable anhydrous oxalates" and intermediate carbonates 
may be prepared by this method. In the course of this study some further problems 
arose. Of these the following should be mentioned: 

(a) The route by which an oxalate decomposes. In some cases (e.g. the oxalates of 
the alkaline earths), decomposition is represented by the equation: C,O?2-— 
CO,?- + CO, followed at higher temperatures by: CO,?- - O*- + CO, yielding 
equal volumes of carbon monoxide and carbon dioxide when the oxalate has been 
completely decomposed to the oxide: With other oxalates (e.g. silver and nickel)® 
the metal is produced: 


MC,O, M + 2CO,. 


Lastly, the decomposition of lead oxalate seems to follow both routes simultaneously. 
(b) How far the disproportionation® of carbon monoxide: 


2cO = C + CO, 


* A part of this article was read before the X VIIth International Congress of Pure and Applied Chemistry 

(A337) Munich, Sept. 1959. 
** This article is taken partly from a Ph.D. thesis submitted by M. Sternserc to the Senate of the Hebrew 

University, Jerusalem, 1959. 
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In a blank with two thermocouples, the one placed in P and the other one 
vessel touching the silver crucible, it was observed that the readings equalized within half a minute, 
but the solid sample might have reached the fixed temperature only after a minute or two It is thought 
that in all experiments the temperatures were kept constant to +0-2% 

Composition of gaseous products. On exchanging the cooling mixture around the traps A and N 
for liquid air, carbon dioxide, but not carbon monoxide'*.* 
condensed. Thus the final partial pressures of these two 2g 

Preparation of samples. Batches of lanthanum Oxalate (sufficient for a large number of experi- 
ments) were carefully dehydrated at 300°C in vacuum Tube X served for this purpose. The 


inside the reaction 


present in the evolving gases, was 
ases were ascertained 


| 


4 


FiG. 2.—Decomposition curves of lanthanum oxalat icuum, at constant 
temperatures, showing fraction of final pressure ~ at time ¢ in minutes 

dehydration was kept under control by ascertaining that the loss of weight equalled that of the water 
of crystallization, and that there was no rise of pressure the apparatus when the water vapours 
condensed in the cold traps, a proof that the oxalate did not lecor " 

The thermobalance. A few experiments were made with a Stay mobalance in air. The rate 
” he iting was 6°6°C per min, and the temperature was re led t curacy of +2°¢ 

Infra-red spectra of the solid residues, after decon position at fixed temperatures in vacuum, were 
taken by the potassium bromide disk method. with a Baird 1 d ira-red spectrophotometer 
These Spectra revealed the presence or absence of the oxalate a: 1/Or t irbonate ions in the residue, 


and served as a qualitative confirmation for conclusions arrived at by ti e other methods. 


RESULTS 
Thermal decompositions in vacuum of the dehydrated lanthanum oxalate were 
made in the temperature range 320° —420°C, at about 20% 


pressure with time was recorded until 


intervals. The increase of 
4 constant final pressure (P,) was reached which 
did not change any more for at least | hr. The results thus obtained were plotted in 
No. rise in pressure was 
observed at 320°, i.e. no decomposition took place at that temperature (after 9 hr 
heating). The absence of a temporary rise of pressure should also be noted, this being 
an indication that the oxalate samples were completely dehydrated (otherwise 
kick, lasting a few minutes, is recorded on the ‘ 
densation of the water vapours). 


Fig. 2 as the fraction of the final pressure (a) versus time 


a sharp 
‘Televac” owing to a lag in the con- 


At higher temperatures the decomposition curves are sigmoidal, characteristic for 
decompositions of solids of this type, and fairly well reproducible. The induction 


{8 


J. H. EpGerton and H. G Davis, U.S.A.E.C. ORNI -2211 (1957) 
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period (being the least reproducible) lasted over one hour at 341°, and rapidly 
decreased on increasing the temperature. 

The partial pressures of carbon dioxide and carbon monoxide at the end of a run 
are recorded in Table 1. The sum of these partial pressures is equal to the final 
pressure (P,) actually measured. In the Table are also given the weights of the samples, 
and the final pressures expected, supposing the conversion of oxalate to carbonate: 


(10 mg of anhydrous La,(C,O,), should give in the apparatus employed a pressure of 
240 u, at room temperature, 20°C). 


C,0,- CO,?- co 


TABLE |.—FINAL PRESSURES AND THE COMPOSITION OF GASES EVOLVED 


Partial pressure 


Loss of weight 


Sample Press. 
Cc weight exptd. 
(mg) (4) co CO, Calc. Weighed 
(4) (4) (mg) (mg) 


341 5:30 127-2 20:2 241 0-38 

360 11-35 272-4 74 82 1:31 1:26 
375 7-93 190-3 57 68-5 1:07 1:10 
391 16°66 400-0 105-3 142-3 2:13 2:12 
410 7-08 1700 54 91 1:27 1-20 


420 


7-40 


177-6 


59 


1-55 


1-60 


The total pressure obtained at any temperature was proportionate to the weight of 
the samples, and the ratio of carbon dioxide to carbon monoxide was found to be the 
same even if some of the experimental conditions were varied (see below). 

The comparison of the calculated weight of the gases evolved with the loss of 
weight obtained by reweighing the residue is very satisfactory, considering the tech- 
nical difficulties involved in these operations. 

All residues were homogeneously coloured brown. 


60 120 00 


min 


Fic. 3.—Loss of weight of lanthanum oxalate when heated in air at 390°C. 


The higher partial pressures of carbon dioxide over those of carbon monoxide, at 
all temperatures, are striking. This may have resulted either from a reduction of the 
lanthanum, or a disproportionation of the carbon monoxide. The dark colour of the 
residue indicated that disproportionation had occurred. Further proof for this 
conjecture is given in the following. 

Thermal decomposition in air. Fig. 3 shows the loss of weight versus time of a 
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sample of lanthanum oxalate hydrate when heated on the Stanton balance ataconstant 
temperature, 390°C. (The part of the curve corresponding to the heating up from room 
temperature is not recorded). No further loss in weight occurred after about 210 
min, and the weight of the white residue equalled that calculated for lanthanum 
carbonate La,(CO,).,. 

Infra-red spectra. Two of the full spectra taken with solid residues obtained from 
the vacuum experiments are shown in Fig. 4. The one with the sample heated at 320°C 
is very much the same as that recorded in the literature’ for calcium and other oxa- 
lates. The spectrum of the residue obtained at 420° is that of a carbonate. The 


Fic. 4.—Infra-red spectra of samples of lanthanum oxalate after having 
been heated (a) at 320°, (b) at 420°C. 


spectra of the residues at lower temperatures (375°, 391°C) show prominent absorp- 


tion peaks characteristic for a carbonate, whilst those of the oxalate are very weak. All 
spectra show the band peaking at 2°95 « due to water absorbed by the potassium 
bromide powder. 


The ratio of carbon dioxide to carbon monoxide (R), and reproducibility of results. In order to 
find out whether R is inherent in the thermal reaction or whether it is dependent on external factors, 
two runs were made in vacuum at 391° under changed experimental conditions: 

(a) In one of these runs the carbon dioxide was condensed in traps A and N by liquid air, while 
the pumps worked continuously. When the reaction was over, the taps isolating the vacuum apparatus 
from the pumps were closed, and the liquid air traps were exchanged for the usual carbon dioxide- 
acetone mixture, thereby releasing the condensed carbon dioxide produced in the reaction. The 
pressure of the carbon dioxide thus released was proportionately equal to the weight of the samples 
in the regular runs. 

(b) The carbon dioxide was condensed as in (a), and only the pressure of the evolving carbon 
monoxide was measured continuously. Figure 5 shows the pressure time curve thus obtained. The 
final pressure of carbon monoxide as well as the amount of condensed carbon dioxide were again 
proportionately equal to the weight of the samples in the regular runs. But on plotting a (the fraction 
of the final pressure) against time, as in Fig. 2, the resulting curve covered the 391°C curve in Fig 
2 only up to about « = 0-4. The seemingly faster reaction of the second half of the decomposition 
is probably due to a lag in the condensation of the carbon dioxide 


Kinetics. On applying Prout and Tompkins’ equation," In [a/(1 — «)] = kt + ¢, 
to the sigmoidal decomposition curves, it was found that the experimental points lie 


‘*) J. M. Hunt, M. P. WisHerp and L. C. Bonnam, Analyt. Chem. 22, 1478 (1950); F. A. Mutter and 
C. A. Wirxins, Ibid. 24, 1253 (1952) 

(10) W. E. Garner (Editor) Chemistry of the Solid State pp. 196-7. Butterworths Scientific Publications, 
London (1955) 
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on two straight lines. The points of intersection progress from 33 to 49-5 per cent 
decomposition as the temperature increases. The reaction constants k, (acceleratory) 
and K, (decay), corresponding to the slopes of these straight lines, are recorded in 
Table 2. The Table also shows the induction periods f, obtained by extrapolating the 
maximum rate back to zero pressure. The activation energies (£) were calculated by 
plotting the logarithms of these values against the inverse of absolute temperatures, 


Fig. 6. 
60 
50} Am 


80 


Fic. 5.—Pressure of carbon monoxide vs. time (minutes) on heating 
lanthanum oxalate at 391°C 


The energy values obtained from the constants k are equivocal. The apparent 
activation energy calculated from f, appears to be 25 per cent higher, i.e. the induction 
period is regulated by a different mechanism to that of the main reaction. 

The decomposition curves given in Fig. 2 were replotted in Fig. 7, using a different 
time scale for each temperature, i.e. Fig. 7 displays a plot of « versus ft, where f is an 
appropriate function of the activation energy 31-7 kcal/mole. (The authors are most 
thankful to the referee for directing their attention to this mode of presentation). 


TABLE 2.—RATE CONSTANTS AT VARIOUS TEMPERATURES. AND 


ACTIVATION ENERGIES (£) CALCULATED THEREFROM 


Cc ke x10" | x 10 t,(min.) 
341 6°77 | 1:46 80 
360 16°47 3-40 | 24 
175 27-64 5-27 15 
391 54-12 9-62 7 


410 93-96 


E(kcal) 31-7 


The drawn out line is a copy of the original curve at 360°C. The experimental points 
obtained at the various temperatures are seen to lie closely on both sides of this curve, 
excepting the run at 341°C. It should however be noted that the points are regularly 
displaced to the right, all the more the lower the temperature. Considering that the 
temperature coefficient of the induction period is larger than that of the main reaction, 
this result was expected. 
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DISCUSSION 


lhe infra-red spectra of residues obtained in the temperature range 360-390°C 
indicate that the oxalate has been virtually completely d 


omposed at these tempera- 
tures and converted into a carbonate his is confirmed by the loss of weight obtained 


with the experiment on the thermobalance at 390° in air 


Fic. 6. 


Logarithms of rate against inverse of absolute temperature. 


1-00 


| 


Reduced time 


Insert shows plot of log 
minutes, at 360°C 


Reduced plot of « vs. ff time in 


A quantitative analysis of the residues with larger samples is impeded by the formation of very 
finely divided carbon. The amount of carbon dioxide evolved wher ese samples are treated with 
acid is only about 70 per cent of the theoretical, and the brow: mn Slowly decolorized per- 


manganate, quite unlike the reaction with oxalic acid. (The latte: riments were carried out by 
Mr. E. Levy, who is continuing the investigation of this pr dently the finely dispersed 
carbon reduces permanganate as well as a part of the carbon dioxide evolved on treating the residue 
with acid 
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The carbon monoxide collected in the vacuum experiments at all temperatures is 
only about 30 per cent of the gas that should have been evolved according to all experi- 
mental indications (see Table 1). The amount of carbon dioxide, on the other hand. 
surpasses that which could have been produced by further decomposition of the car- 
bonate to the oxide. That the carbon dioxide originates from a reaction involving 
reduction of the lanthanum to the divalent state: La,(C,O,), -- 2LaC,O, 2CO, is 
improbable, and contradicts most of the experimental evidence. For example, in the 
run quoted in Table | at 391°C. a combination of this reaction together with the 
conversion of 70 per cent of the oxalate into carbonate would imply the evolution of 


TABLE 3.—-COMPOSITION OF SOLID RESIDUES OBTAINED IN VACUUM. AND THE 
RATIO “#CO,/uCO(= R) DUE TO DISPROPORTIONATION 


Oxalate 
decompn 


Best formula of 
residue 


5: 
360 87-4 La,(CO,), 1-11 
375 101-9 La,(CO,), 1-20 
391 97:7 La,(CO,), 1:35 
410 100-0 1-08 
420 100-0 La,O(CO,), 1-00 


280 and 240 u of carbon monoxide and carbon dioxide respectively, in complete dis- 
cord with the partial pressures actually obtained. Hence, as already indicated, the only 
possible explanation of the phenomena is the disproportionation of the carbon 
monoxide primarily formed from the oxalate. This line of approach is also indicated 
by the surprisingly small total pressures obtained with all runs below 410° (in spite of 
the disappearance of the oxalate bands from the infra-red spectra of the residues), 
as disproportionation of carbon monoxide involves the reduction of pressure to 50 per 
cent of what would have been caused by carbon monoxide alone. 

Having shown that the carbon dioxide originated from disproportionation of 
carbon monoxide, and considering that the volume of the gas is halved by this reaction, 


the percentage q of oxalate converted into the carbonate may be estimated from the 
partial pressures of the two gases recorded in Table 1: 


g = 100(uCO + 2uCO,)/a, 


when a is pressure expected, in microns. 

It may be seen that in the temperature range 360-391°C the conversion is quanti- 
tative in the limits of probable errors. At 341°C only slightly more than 50 per cent of 
the oxalate has decomposed, and at 410° and 420°C the increased partial pressure of 
carbon dioxide indicates the commencement of the decomposition of the carbonate. 
These results are summarized in Table 3 (disregarding the elementary carbon present). 

BACKER and KLAAssENS? state that on heating lanthanum oxalate at 400° a com- 
pound having the composition La,CO, is obtained. This corresponds to the oxycar- 
bonate La,O,°CO,, which contains only half the amount of carbonate present in the 
residue that has been obtained in this work at 420°C. 
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It is of interest to note the constancy of R, averaging |-2 (a disproportionation of 
over 70 per cent of the carbon monoxide evolved) for runs in which the carbonate 
does not decompose. This same value is also obtained at 34! when only half of the 
oxalate is converted to the carbonate, showing that the ratio of carbon dioxide to 
carbon monoxide evolved is the same at all Stages of decomposition. Also, the runs 
made with liquid air traps, condensing the carbon dioxide, and with continued pum- 
ping, prove that disproportionation occurred while the gases were still in contact with 
the solid sample, and that disproportionation is not caused by any external factor. 

At higher temperatures, when the carbonate is partly decomposed, R decreases. 
This effect suggests that disproportionation is influenced by the pressure of carbon 
dioxide at the site of the reaction. 

The applicability of the Prout and Tompkins equation means that the decomposi- 
tion of the lanthanum oxalate is a branching chain reaction. A possible mechanism 
for these has been put forward by GLASNER and WEIDENFELD™, namely that the 
gases stream out from the interior of the solid through channels, originating on the 
surface of the grains, and extend into the crystals as the reaction proceeds. The possi- 
ble occlusion of gases in reactions of this type has recently been discussed by 
GaFNER‘!?) 

It is most probable that in the channels mentioned above very high pressures of gas 
are built up, and disproportionation of the carbon monoxide occurs under the existing 
conditions. The observed decrease in R at temperatures at which the carbonate is 
unstable and carbon dioxide is evolved from an additional source, is thus a direct 
result of the mass action law. 

The activation energy for the thermal decomposition of lanthanum oxalate is 31-7 
kcal/mole oxalate (Table 2). The Ahrrenius plot (Fig. 6) of the induction periods t 
indicates that what might be supposed to be the activation energy for the formation of 
new nuclei is higher, equalling 39-1 kcal/mole. Also the shift to the right in the reduced 
plot proves that the mechanism regulating the induction period is different from that 
of the main reaction. A difference of this nature, activation energies of the formation 
of nuclei being higher than for the main reaction, has often been observed. In the 
present case, some residual water present in the dehydrated oxalate is most probably 
responsible for the phenomenon. This is strongly indicated by our (yet unpublished) 
results with the other rare earth oxalates (see also ref. 2, TEREM). But it is also possible, 
that the induction period is at least partly due to the time necessary for the building 
up of a limiting pressure of gas in the channels. 


'')) A. GLASNeR and L. WEIDENFELD, J. Amer. Chem. Soc. 74, 2467 (1952) 
2) G. Garner, Trans. Faraday Sox 55, 981 (1959). 
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POLAROGRAPHIC BEHAVIOUR OF SOME PLATINUM(ID 
AND PALLADIUM(II) COMPLEXES 


B. CHAKRAVARTY and D. BANERJEA 
Department of Inorganic and Analytical Chemistry, 
Indian Association for the Cultivation of Science, Calcutta 


(Received 20 June 1960) 


Abstract—The polarographic behaviour of the cis- and trans-isomers of several platinum(II) and 
palladium(II) complexes has been studied in suitable supporting electrolytes. In all cases the 
reductions have been found to be irreversible. It has been observed that for all the diacido complexes 
the half-wave potential of the trans isomer is appreciably more negative than that of the cis. 


It is well known"? that there exists a defininite relationship between the polarographic 
half-wave potential of a metal complex and its stability, the former becoming more 
negative with increasing magnitude of the latter. In agreement with this HOLTz- 
cLaw*-°), and HOLTZCLAW and SHeEeTz"”) observed that in six co-ordinated complexes 
of cobalt(III) containing two acidic groups the trans isomer is reduced at a potential 
more negative than is the cis, the former being thermodynamically more stable. 
Platinum(II) and palladium(II) form a series of complexes which are known to exist 
in cis- and trans-forms. From the ease of conversion of a cis to the corresponding 
trans compound it appears that for palladium(II) the latter is more stable, as is 
generally true. However, platinum(II) compounds retain their configuration even 
under moderately drastic conditions, and nothing can be inferred from qualitative 
observations as to the relative stabilities of the isomeric forms. Kinetic studies 
indicate that in palladium(II) complexes® the.cis-form is generally more reactive 
(labile) than the trans, while for platinum(II) complexes the reverse is true, in 
keeping with the pronounced trans-effect phenomenon” which is exhibited. It is 
therefore of interest to investigate the relative stabilities of the cis and trans isomers of 
complexes of these two metals in their bipositive oxidation state. With this end in 
view the polarographic behaviour of several of their simple ammine complexes was 
investigated in potassium chloride or sodium perchlorate solution as supporting 
electrolyte, containing a little gelatin or methyl red (sodium salt) as maximum 
suppressor, 
EXPERIMENTAL 

Apparatus. A Cambridge Pen-recording Polarograph was used to record the polarograms, using 
a cell with a dropping mercury electrode (D.M.E.) connected to an external saturated calomel 
electrode (S.C.E.) through and agar—potassium chloride bridge for all solutions containing potassium 
chloride, and an agar~sodium chloride bridge for those containing sodium perchlorate. Inthe appara- 
tus used the cell resistance was ~600 12. Deaeration of the solution in the cell was effected by 


bubbling purified nitrogen through it before a run. The cell temperature was maintained constant 
(35-5 + 0-1°C) by means of a water thermostat in which both the polarographic cell and the S.C.E. 


™ G. Sartori, J. Inorg. Nucl. Chem. 8, 196 (1958). 

(0) H. F. Hottzciaw, Jr., J. Amer. Chem. Soc. 73, 1821 (1951); ®’ H. F. Hottzciaw, Jr. and D. P. 
SHeetz, J. Amer. Chem. Soc. 75, 3053 (1953); ‘’ H. F. Hottzciaw, Jr., J. Phys. Chem. 59, 300 (1955). 

') D. Banersea and K. K. Tripatuti, J. Inorg. Nucl. Chem. 7, 78 (1958). 

‘) D. Banersea, F. Basoto and R. G. Pearson, J. Amer. Chem. Soc., 79, 4055 (1957). 

) J. V. QUAGLIANO and L. ScHuBEeRT, Chem. Rev. 50, 201 (1952). 
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were immersed. All potentials were recorded against the S.C.E. In most cases the half-wave potentials 
were evaluated from logarithmic plots and in a few cases directly from the polarograms. 

Preparation of materials. Cis- and trans-Pt(NH;),Cl,, Pt(en)Cl,, trans-Pd(NH,),Cl,, Pd(en)Cl,, 
cis- and trans-Pd(NH;),(NO,), (en = ethylenediamine) were prepared in a pure state by known 
methods.’ Their purity was checked by analysis for metal and nitrogen: 


Analysis, (°) 


Found Caled. 


Nitrogen Metal Nitrogen 


Trans-Pt(NH;),Cl, 9-34 65-01 9-33 
Cis-Pt(NH;),Cl, ° 9-43 65-01 9-33 

Pt(en)Cl, , 8-81 59-82 8-58 
Trans-Pd(NH;),Cl, 13-62 50-40 13-23 

Pd(en)Cl, , 11-7 44-88 11-79 
24-1 45-84 24-06 
Cis-Pd(NH;),(NO,), , 24:3 45-84 24-06 


A fresh solution of each of these complexes was prepared, using the solid salt, in potassium 
chloride or sodium perchlorate solution, as required, and the maximum suppressor was then added. 
The polarogram was run immediately after making up the volume, thermostating the solution and 
deaerating with purified nitrogen. Aged solutions were prepared (without the maximum suppressor) 
by standing at 35-5 + 0-1°C for the necessary period; the maximum suppressor was then added and 
the polarogram recorded after making up the volume. 

Solutions of the diaquo complexes were prepared by treating the dichloro salts with the requisite 
quantity of silver perchlorate solution in the presence of sodium perchlorate and perchloric acid for 
~+¢ hr on a water-bath for the platinum (II) compounds and at room temperature for about the same 
period in case of the palladium (II) compounds. The silver chloride which separated in each case was 
filtered off, and to the filtrate containing the perchlorate of the diaquo salt in sodium perchlorate and 
perchloric acid was added the requisite quantity of the maximum suppressor; the polarogram was 
then recorded after making up the volume. 

The same procedure was employed for the dihydroxo complexes except that perchloric acid was 
absent during the precipitation of silver chloride; the requisite amount of sodium hydroxide solution 
was added to each of the filtrates, followed by the maximum suppressor before recording the polaro- 
gram. 


RESULTS AND DISCUSSION 


The polarograms are recorded in Figs. 1-6 and the half-wave potentials in Table 1. 
From the slopes of the plots of —Ep y x. vs. log i/(i, — i) it has been concluded that 
the electrode processes responsible for these waves are all irreversible.‘® 

In the solutions of the dichloro salts of platinum(II) in 0-1 M potassium chloride 
there is only one wave and no change occurs on storing for a period of one day or 
more. Hence, under the above conditions even the two cis-compounds remain 
unchanged, although in aqueous solutions these change on standing to form the 
chloroaquo complexes to an appreciable extent.’ This suggests that in 0-1 M 
potassium chloride the equilibrium in the system containing 0-5 mM of the complex 


cis-PtB,Cl, + H,O = cis-PtB,(H,O)CI* + Cl- (i) 
(where B, = 2NH, or en) 
‘*) L. Metres, Polarographic Techniques p. 104, Interscience, New York (1955). 
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favours almost 100 per cent of the dichloro salt. Although 0-005 per cent gelatin is 
sufficient to suppress the maximum in the wave of the trans-diammine, this is not so 
for the two cis compounds. Increasing the gelatin to 0-01 per cent eliminates the 
maximum in the wave of the ethylenediamine complex and almost eliminates that in 


“OME vs SCE, 


Fic. 1.—Polarograms of platinum(II) complexes in 0-1 potassium chloride containing gelatin 
(- , 0-005 %: , 0-01 %) Complex, 0-5 mM; t, 2-87 sec; m, 1-82 mg sec-'; Temp. Vol, 
35:S°C; (1) Blank; (2) Cis-Pt(NH,),Cl,; (3) Trans-Pt(NHy),Cl,; (4) Pt(en)Cl, 16 
1960/61 


‘DME vs SCE, v 


Fic. 2.—Polarograms of platinum(II) complexes in 0-1 M NaCio, containing 0-01 M NaOH 
(curves 1, 2 & 3) or 0-01 M HC 10, (curves 4, 5 & 6) with 0-005 % gelatin 
Complex, 0-5 mM; 2-9 sec; m, 1-85 mg sec~'; Temp. 35-5°C 
(1) Trans-Pt(NH,),(OH),; (2) Cis-Pt(NH;),(OH),; (3) Pt(en)(OH),; (4) Trans- 
Pt(NH;),(H,O),"*; (5) Cis-Pt( NH;),(H,0),**; (6) Pt(en)(H,O),** 
Blanks have not been shown, but are closely comparable with those of Fig. 6. 


the wave of the cis-diammine. This makes an accurate determination of E, difficult. 
However, by taking the i, value at —0-8 V vs. S.C.E.. in the vicinity of which the 
current is independent of the potential, a fairly accurate value of E, could be obtained. 

In the case of the diaquo and dihydroxo complexes of platinum(II) only the 
trans-diaquo compound has been found to give a clear wave while the rest apparently 
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do not undergo any reaction. However, in all these cases, as in the case of the dichloro 
complexes, the final current rise occurs at a potential much less negative than the 
decomposition potential of the pure medium and is evidently due to the catalytic 
discharge of hydrogen ion. 

In the case of the dichloro compounds of palladium(II) in 0-1 M potassium 
chloride it has been observed that a freshly-prepared solution of Pd(en)Cl, gives only 


Current, 


46 


08 +2 
"OME vs SCE, V 


Fic. 3.—Polarograms of palladium(II) complexes in 0-1 M potassium chloride containing 
0-0004 %, methyl red (sodium salt). Complex, 0-5 mM; ¢, 2°82 sec; m, 1-83 mg sec™*; Temp. 

(1) Blank; (2) Trans-Pd(NH,),Cl, (Fresh) (3) Pd(en)Cl, (Fresh); (4) Trans-Pd(NH,),C!, 
(Aged 24 hr); (5) Pd(en)Cl, (Aged 24 hr). 


one wave with E, = —0-585 V vs. S.C.E. and no change occurs on storing the solution. 
However, a solution of the same compound and of the same concentration (0-5 mM) 
in | M potassium chloride, after being stored for two days, gives two waves with E, 
values of —0-63 and —1-25 V vs. S.C.E. It is already known") that in aqueous 
solution Pd(en)Cl, is rapidly and completely transformed into [Pd(en)(H,O)CI}*Cl 
and no further hydrolysis occurs to form the diaquo complex. On adding excess 
chloride ion the complex might be transformed into the dichloro compound, due to 
the equilibrium 


Pd(en)Cl, + H,O = Pd(en(H,O)CI* + Cl- (ul) 


4a 
(4) 
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Hence it appears that the first wave is due to the chlor aquo 
second one is due to the dichloro compound. These results furth« 
equilibrium constant of reaction (ii) is much higher than that of rea 
in 1 M potassium chloride the equilibrium in reaction (ii) is such tha 


conversion to the dichloro compound occurs 


Compk { M 4 
(1) Blank; (2) Trans-Pd(NH,),C) 

In the case of trans-Pd(NH Cl, a freshly-prepared solution (0-5 
potassium chloride gives two waves with E, values of —0-27 and —0-59 
After storing for one day the same solution gives these waves and an add 
with E, of —1-32 V vs. S.C.E. In aged solutions in | M potassium chloride 
waves appear but with somewhat different / , Values; the height of the thi 
however, very much increased in this case indicating a much greater 
of the particular species which gives rise to this wave. It is known 
solution trans-Pd(NH,),Cl, is gradually and completely transformed 


complex via the chloroaquo complex which has been characterized. On 
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Fic. 5.—Polarograms of Pd(NH,),(NO,), in 0-1 M Nat ‘10, containing 0-0004 ° methyl red 
(sodium salt) 
Complex, 0-5 mM; ¢, 2-8 sec; m, 2-3 mg sec”; Temp. 35-5°C 
(1) Blank; (2) Trans-isomer; (3) Cis-isomer. 


4) 


04 28 2 
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Fic. 6.—Polarograms of palladium(I1) complexes in 0-1 M Nat 10, containing 0-01 M HCIO, 
(curves 1, 2 & 3) or 0-01 M NaOH (curves 4, 5 & 6) with 0-0004°, methyl red (sodium salt). 
Complex, 0S mM; 3 sec; m, 2-32 mg Temp. 35-5°C 
(1) & (4) Blank ( 2) Trans-Pd(NH,),(H,O),"*; (3) Pd(en)(H,O),**; (5) Trans-Pd(NH,),(OH), 


(6) Pd(en)(OH),. 
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(Maximum suppressor: 0-005 per cent gelatin for Pt(II) and 0-0004 per cent methyl red (sodium salt) 
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COMPLEXES IN VARIOUS MEDIA 


for Pd(Ll) compounds. Temp. 35:5 + 0-1 


TABLE 1.—HALF-WAVE POTENTIALS OF PLATINUM(II) AND PALLADIUM(n) 


C) 


Complex 
(1) 


Medium 


(2) 


(V) (vs. S.C.E.) 


(3) 


Remarks 
(4) 


Trans-Pt(NH,),Cl, 
Cis-Pt(NH;),Cl, 
Pt(en)Cl, 
Trans-Pt(NH,),(OH), 
Cis-Pt((NH,),(OH), 
Pt(en)(OH), 
Trans-Pt(NH,)(H,O)," 


Pt(en)(H,O),?* 


Trans-Pd(NH;),Cl, 
Pd(en)Cl, 
Trans-Pd(NH;),Cl, 
Pd(en)Cl, 
Trans-Pd(NH;),Cl, 
Pd(en)Cl, 
Trans-Pd(NH;),(NO,), 


Cis-Pd(NH;,),(NO,), 
Trans-Pd(NH;,),(OH), 


Pd(en)(OH), 


Trans-Pd(NH,),(H,O),** 


Pd(en)(H,O),?* 


01M KCI 
0-1 M KCl 
0-1 M KCI 

0-1 M NaClo, 


0-01 M NaOH 
0-1 M NaClo, 


0-01 M NaOH 
0-1 M NaClo, 


0-01 M HCIO, 
0-1 M NaClo, 


0-01 M HClO, 
0-1 M NaClo, 


0-01 M HCIO, 
0-1 M KCl (Fresh) 


0-1 M KCI (Fresh) 
0-1M KCl 
(Aged 24 hr) 


0-1M KCl 
(Aged 24 hr) 
1M KCl 
(Aged 48 hr) 


1M KCl 

(Aged 48 hr) 
0-1 M NaClo, 
0-1 M NaClo, 
0-1 M NaClo, 


0-01 M NaOH 
0-1 M NaClo, 


0-01 M NaOH 
0-1 M NaClo, 


0-01 M HClO, 
0-1 M NaClo, 


0-01 M HClO, 


0-165 
0-10 
0-11 

No reduction 


No reduction 


No reduction 


ca. —0-05 


No reduction 


No reduction 


0-27 
0-59 
0-585 
0-265 
0-585 
1-32 
—0-583 


0-237 
0-62 
1-37 
0-63 
1-25 
0-33 
—0-27 


0-74 


0-62 


ca 0-06 


Diaquo complex 
Chloroaquo complex 
Chloroaquo complex 
Diaquo complex 
Chloroaquo complex 
Dichloro complex 
Chloroaquo complex 


Diaquo complex 
Chloroaquo complex 
Dichloro complex 
Chloroaquo complex. 
Dichloro complex 
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chloride ion, therefore, an equilibrium is slowly established between the three species 
trans-Pd(NH,),Cl, +- 2H,O = trans-Pd(NH,),(H,O)CI* + Cl- + H,O 


trans-Pd(NH,),(H,O),** + 2Cl (iii) 
which give three waves, 

In the palladium series, although cis-Pd(NH,),Cl, has been described") the results 
obtained with ethylenediamine compound have been compared with those of the 
trans-diammine, as the ethylenediamine compound is well characterized and no 
conversion to the frans-structure is possible in this case, as might be the case with the 
cis-diammine because of the general lability of the cis structure in complexes of 
palladium(II). In a similar way the results on the corresponding diaquo and dihydroxo 
complexes have also been compared. However, in the platinum(II) series it has been 
shown here that the cis-diammine and the ethylenediamine complexes give almost 
identical E, values; they are also very similar in their kinetic behaviour.“ The same 
might be expected to hold good in the palladium(II) series. 

Both cis- and trans-Pd(NH;),(NO,), in 0-1 M sodium perchlorate medium give 
one wave, E, for the latter being 60 mV more negative than that for the former. 
Solutions of all the palladium compounds studied in neutral or acid media give an 
initial current at zero volt (vs. S.C.E.) which precedes the normal reduction waves. 
This initial current is presumably due to formation of mercury(I) ions by reaction of 
the metal with the palladium(II) compounds. 

From the values of £, given in Table | it may be observed that for all the 
platinum(II) and palladium(I1) compounds containing two acidic groups (CI-, NO,-, 
OH) there is a significant difference (>60 mV) in the half-wave potentials of the cis- 
and trans- forms, E, being more negative for the latter. However, for the diaquo 
and chloroaquo complexes the values of E, are nearly identical (differing by not more 
than 10 mV). Thus the same general behaviour has been observed in the four-co- 
ordinated square planar complexes of platinum(II) and palladium(II) as in the six- 
co-ordinated octahedral complexes of cobalt(III). Hence, in spite of the differences 
observed in the kinetic behaviour of the isomeric complexes of platinum(II) and 
palladium(II), the ¢rans-structure is thermodynamically more stable than the cis at 
least for the diacido complexes. 


' A. A. Grinseor and V. M. SHutman, Dokl. Akad. Nauk SSSR 215 (1933); Cf. Chem Abstr. 28, 1624 
(1934) 
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EXPERIMENTAL 


Reagents 


Uranyl nitrate hexahydrate, absolute alcohol. KNO,, and NaClO,: all E. Merck’s G.R grade 
TTA obtained from Dow Chemical Co. was used after recrystallisation from benzene 


Standard solutions of uranyl nitrate hexahydrate and of TTA (both 0-01 M), sodium perchlorate 
(0-5 M), and potassium nitrate (0-4 M) were prepared in 50 per cent alcohol and used after suitably 
adjusting the concentrations as required 


4pparatu 


All extinction measurements were made with Beckman Du spectrophotometer model 2400 
using 10mm Corex cells Potentiometric studies were carried out us ng a Beckman pH-meter 


(model G) with a saturated calomel reference electrode and a glass electrode 


y 


+ 
| 
Absorbon 


Wavelength 


4 


pegtra of TTA at varying concentration Fic. 2 Spectra of TTA at varying pH and 
and constant pH (6-0) 1. 5 10-*M constant concentration | 10-* M) 1. pH 
5 M; 3.1 M 69; 2. pH 3. pH 31 


RESULTS 


Absorption spectra of TTA, uranyl nitrate and TT A—urany/ nitrate mixtures 


[he absorption spectra of uranyl nitrate, TTA and uranyl nitrate-TTA mixtures, 


all in 50 per cent alcohol, were studied in the range 300-450 my. Figs. 1 and 2 give the 
absorption spectra of TTA as a function of concentration at constant PH and as a 
function of pH at a fixed concentration respectively. TTA shows a single absorption 
peak at 337 mu which disappears at or below pH 5-0. No change with time was 
observed in the absorption peak, though such a change has been observed in solutions 
of TTA in benzene.“ With increasing concentration of TTA the absorption 
increases enormously and for solutions above | 10-* M is beyond the measurable 
range. Fig. 3 shows the absorption spectra of uranyl nitrate and uranyl nitrate-TTA 
mixtures of varying composition. Two distinct absorption peaks at 337 mu and 
380 my are noticed in the spectra of uranyl nitrate-TTA mixtures and with increasing 


’ E. L. Kine and W. H. Reas, J. Amer. Chem. Soc. 73, 1806 (1951). 
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concentration of TTA in the mixture the peak at 337 my disappears. The absorption 
peak at 380 my is indicative of the formation of a uranyl-TTA complex in solution. 


Effect of alcoholic content of the medium on the colour intensity 

The alcohol content of the medium was found to have an appreciable effect on the 
intensity of the complex formed. This effect was studied by measuring the absorbancy 
of solutions of different alcoholic content (10-90 per cent), adjusted to constant 
pH (4-0) and containing uranyl ion and TTA in the constant ratio of 1:2. The results 


= 

300 30) 340 360 380 400 420 440 


Wavelength, mys 
Fic. 3.—Spectra of mixtures of uranyl nitrate and TTA 


CONC. UO,** | CONC. TTA pH 


are given in Fig. 4. The absorbancy increased with the alcoholic content of the 
medium, the increase being more rapid in the range 10-50 per cent than at higher 
concentrations. As it was noticed that in solutions of low alcoholic content the colour 
of the solution faded gradually with time, 50 per cent alcoholic solutions were used 
for all further studies. 


Composition of the uranyl-TTA complex 
The composition of the complex was determined by (a) Jos’s method of continuous 
variation®.! (b) molar ratio’® and (c) slope methods. 


5) P. Jos, Ann. Chim. 9, (10), 113 (1928). 

6) W. C. VospurRGH and G. R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941). 

“7 A. E. Harvey and D. L. MANNING, J. Amer. Chem. Soc. 72, 4488 (1950). 

18) J. M. Yor and A. L. Jones, Jndustr. Engng. Chem. (Anal.) 16, 111 (1944). 

@% K. S. VENKATESWARLU and Bu. S.V. RAGHAVA Rao Anal. Chem. Acta 13, 79, (1956). 
(2) D. V. N. SHARMA and Bu. S. V. RAGHAVA Rao Anal. Chem. Acta 13, 142 (1955). 
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(a) Job's method of continuous variation. Equimolar solutions of uranyl nitrate 
and TTA (2-5 x 10M) in 50 per cent alcohol were mixed in various proportions 
at constant total molarity and pH and their absorbancies were measured at 337 and 


Fic. Sa.—Composition of UO,** Fic. 5Sb.—Effect of varying the 
TTA complex by Jos’s method alcohol percentage on the composi- 
. tion of UO,**:TTA complex, 
(1) 25%; (ii) 50%; (iii) Con. 
centration of UO,** and TTA 
solutions 5 x 10-§M. 


my 


337 
380 
337 


Concentration of UO,**+ and TTA 
solutions 2 x 10-* M 


380 mu. The plot of the difference between the observed extinction and the expected 
value if there were no reaction against composition is given in Fig. 5(a) for two sets 
of solutions adjusted to pH 2-9 and 4-2. It is seen that only one complex is formed, 
with the ratio UO,*+:TTA = 2:3. The same complex was found to be formed 


in 25 and 75 per cent alcoholic solutions also, as indicated by the curves in Fig. 5(b). 
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(b) Molar ratio method. Fig. 6 shows the effect of increasing the molar concen- 
tration of one oi the reagents at a fixed concentration of the other (maintaining 
the pH of the solutions constant at 4-0), the absorbancy being measured at 380 my. 
The curves do not show any sharp break, indicating that the complex is highly 
dissociated.“*) The flattening of the curve was observed when the UO,**:TTA ratio 
exceeded 1:8 (and 1:4 in the reverse case). This may also be due to the low percentage 
of the enol form of TTA present in the medium.” Experiments carried out at 
constant ionic strength in potassium nitrate or sodium perchlorate solution gave 
the same results. 

(c) Slope ratio method. The composition of the complex was also determined by 
the slope ratio method. Two series of solutions were prepared by varying the con- 
centration of one of the reagents in presence of a constant excess of the other. The pH 
of the solutions was adjusted to the same value (4-0) and their ionic strengths were 
maintained by the addition of potassium nitrate. The results of these experiments 
at ionic strengths 0-1 M and 0-01 M are given in Fig. 7. From the slopes the ratio 
of UO,**: TTA were found to be respectively 1-62 and 1-54 at the two ionic strengths. 
These values are in good agreement with that obtained by Jos’s method. 

In the modified slope ratio method"*.*® the absorbancies of the solutions are 
plotted against the concentration of the variable components from either end of 
the x-axis. The point of intersection of the two curves corresponds to the composition 
of the complex, assuming that only one complex is formed. The result of such a plot 
is given in Fig. 8, and it is seen that the composition of the complex corresponds 


to UO,2+: TTA = 2:3. 


Effect of pH 


It was noticed that in solutions f pH 2-5 and above 7-0 the colour of the 
complex was completely dest: fect of pH on the colour intensity 
(i.e. extent of complex formation) was stud juantitatively 

Solutions of the reagents of concentration 5 * M in 50 per cent alcohol were 
mixed in the ratio 2:3 (2 cm?’ urany! nitrate cm’ ITA), d ted to 15 cm?’ with 
50 per cent alcohol and the pH approximately a ted to values between 2 and 8 


by adding dilute ammonia or nitric acid (also in 50 per cent alcohol). The volume 
of the solutions made up to 20 cm® and the pH measured accurately. The plot of the 
absorbancies of the solutions at 380 my against their pH values (curve 1, Fig. 9) 
shows that complex formation is a maximum at pH 60. Curve 2 in Fig. 9 shows 
the variation in the absorbancy of the complex with the pH of the solution when a 
large excess of TTA is used. The increase in the absorbancy above pH 6-0 (curve 2) 
is due to the excess TTA in solution. 


Preparation of the UO,T, complex and its absorption spectra in solution 


Since no evidence for the formation of a 1:2 complex was obtained in solution, 
it was considered worth while to study the absorption spectra of solid UO,T, 
dissolved in 50 per cent alcohol. The UO,T, complex was prepared as follows: 

Uranyl nitrate hexahydrate and 0-1 M TTA solutions in absolute alcohol were 
mixed in the ratio 1:2:2-0 (to ensure excess of uranium in solution) and the solid 
UO,T, was precipitated by diluting with water. The yellow precipitate was filtered 
and washed free of excess uranium with distilled water. It was then dried to constant 


Vol, 
16 
1960/61 


he 


Studies on TTA complexes with metal ions—I wl 


weight over calcium chloride in a desiccator at room temperature. The colour of the 
precipitate changed gradually from yellow to orange-red during these operations. 
The analysis of the solid complex conformed to the formula UO,T,-2H,0. 


Absorbancy 


SK 
\ 


Fic. 6.—-Composition by molar ratio method (1)2 cm? 5 UO vs. § 1O*MTTA 
(2) 2 cm’ § 10°-* TTA vs. 10-* M Ionic strength 0-1 M in NaClo,,. 


/61 


7 


Volume of TTA or uo>* em) 


Fic. 7.—Composition of UO,** TTA complex by slope ratio method. (1) TTA 10 cm? 
25 x 10-* M (FIXED), « = 0-1 M; (2) TTA 10 cm?® 2-5 10-* M (FIXED), « = 0-01 M: 
(3) UO,** 10 cm* 2-5 « 10°-* M, = 01M; (4) 10 cm* 2-5 0-01 M. 


The absorption spectra of UO,T,2H,0 and of the 2:3 complex formed directly 
in solution in 50 per cent alcohol at varying pH are given in Figs. 10 and 11. In both 
cases the absorption spectra are identical, with maxima at 337 and 380 my. This 
indicates that UO,T,-2H,0O in solution in 50 per cent alcohol exists as a 2:3 complex. 
With decreasing pH the intensities of the peaks at 337 and 380 my diminish, and at 
about pH 2:5 both peaks disappear simultaneously. With increasing pH above 6-0 
the intensity of the 337 mu peak increases greatly compared with that at 380 mu. 
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The absorption spectra of UO,T,°2H,O in 50 per cent alcohol at different con- 
centrations show that the concentration of the complex has no effect on the nature 
of the spectrum in the range investigated (6-6 x 10-°*M to 3-3 x 10°°M). The 


TTA C 


Volume, pH 


Fic. 8.—Composition of UO,** TTA com- Fic. 9.—Effect of pH. (1) 2 cm’ 
plex by slope ratio method. Volume of UO,?* + 3 cm® TTA 5 x 10°*M 
UO,** and TTA taken = 3 cm® each of each. (2) 1 cm® UO,**+ + 9 cm* 

5 x 10°*M. TTA 1 x 10*M, 5 x 10°* M 


respectively. 


\ ' \ \ 
| 
Wavelength, mys Wovelengih, mys 


Fic. 10.—Spectra of solid UO,T, complex. Fic. 11.—Spectra of UO,-TTA complex 
(4:5 mg/100 cm*) in 50% alcohol. (1) pH (2:3) in 50 per cent alcohol. (1) pH 7-0; 

6°75; (2) pH 48; (3) pH 3-7. (2) pH 6-0; (3) pH 485; (4) pH 3-99; 
(5) pH 3-15; (6) pH 2°S. 


absorption spectra of the solid complex in benzene is also similar to that in 50 per cent 
alcohol (Figs. 12, 10). TTA, however, does not give an absorption peak in benzene 
when the solution is freshly prepared (curve 2, Fig. 12) and the spectral behaviour 
of the UO,T,:2H,O complex and TTA in benzene are discussed later. 
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Formation constant of the uranyl-TTA complex formed in solution 


The formation constant of the uranyl-TTA complex in solution was determined 
according to the method of TANAKA and TAKAMURA"). When a, the total concentration 
of UO,”*, is in a large excess over b, the total concentration of TA, the concentration 
of the complex formed in solution, c, can be expressed by the equation 


c = k(a — — 3c) = kabi(\ sak) (1) 


where & is the formation constant of the species in solution expressed in terms of 
molar concentration. 


Fic. 12.—Spectra of: (1) Solid complex (UO,1 2H,O) d ved in benzene (6°¢ 


If Beer’s law is obeyed, the absorbancy D is given by 


D ekab/(1 3ak) (2) 


apd 


D 


where « is the molar extinction coefficient of the complex. By plotting ab/D against a, 
a linear relationship is obtained, and from the values of the slope of the line and its 


intercept kK and ¢ can be determined (1 ig. 13) 

Extinction measurements for UO,2*-TTA mixtures at constant ionic strengths 
of 0-1 and 0-01 M in KNO, made by varying the concentrations of UO,** and TTA 
up to 2:5 x 10-°M in presence of a fixed higher concentration of TTA and UO,** 
(2°5 10~* M) respectively, show that Beer’s law is obeyed under these experimental 
conditions (Fig. 7). Another set of experiments was carried out by varying the 
concentration of UO,** from 3-75 « 10°5M up to 25 x 10°*M in presence of a 
low fixed concentration of TTA (12-5 « 10-*M) and measuring the absorbancies 
of the solutions adjusted to a constant pH (4-0) at 380 my. The results are given 


in Table | and the values of ab/D are plotted against the concentration of l O,**, (a), 
in Fig. 13, 
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TABLE 1.—ABSORPTION MEASUREMENTS FOR DETERMINATION OF THE FORMATION 
CONSTANT OF THE URANYL-TTA COMPLEX* 


Conc. of UO,?* D observed (ab/D) x 10°* 

(x 10-* M) |—— 
a u=001 =001 
3-75 0-095 0-080 4-92 5-86 
7:50 0-115 0-102 8-15 9-19 
10-00 0-118 O-111 10-60 11-20 
12:50 0-122 0-117 12:80 13-30 
15-00 0-127 0-122 14-70 15-37 
20-00 0-130 0-130 19:20 19:20 
25-00 0-132 | 0-131 23-60 24-00 


x 10°* M. y« = ionic strength of the solution in M. 


Analytical application 


The suitability of the highly-coloured uranyl-TTA complex in alcoholic solution 
for the colorimetric estimation of small amounts of uranium was investigated. 


The calculated values of K from the above readings were 2-5 x 10* and 1-10 x 104 
at « = 0-1 and 0-01 M respectively. 
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. 13.—Plot of ab/D vs. a. (1) uw = 01M; 


(a) Verification of Beer’s law. It has already been seen that Beer’s law is obeyed 
in the range 0-25 p.p.m. at pH 4-0 (Fig. 7, curves | and 2). Experiments were repeated 
to test the applicability of Beer’s law at pH 6-0 (the optimum value for maximum 
colour intensity) in solutions of varying alcohol concentration. It was observed 
that Beer’s law is obeyed in 25, 50 and 75 per cent alcohol solutions at 380 my in the 
range 1-50 p.p.m. of uranium. The sensitivity increases however with the alcohol 


(2) = 0-01 M. 


Vol. 
16 


1960/61 


304 
| 
| 
| | | 
| 
| 
| | 
— 


Studies on TTA complexes with metal ions—I 305 


(b) Stability of the complex. The colour of the complex was found to be very 
stable and its intensity did not change even after 72 hr in solutions containing 50 per 
cent alcohol and above. In solutions containing 25 per cent alcohol and below the 
colour faded gradually with time. 

(c) Interfering ions. The effect of a number of ions such as Ti**, Fe**, Ce**, Be®*, 
Cu**, PO,?-, SO,?-, MoO,*-, Cl- and NO,~ was investigated. It was found that all 
except Cl- and NO,° interfered in the estimation. 


Potentiometric studies 


The nature of the uranyl-TTA complex was also investigated by carrying out 
potentiometric titrations of uranyl nitrate-TTA mixtures in 50 per cent alcohol with 
ammonia, keeping the ionic strengths of all reagents constant at 0-1 M with KNO,. 
The results are given in Fig. 14. 

Curve | refers to TTA alone, curve 2 to uranyl nitrate and curves 3-6 to uranyl 
nitrate-TTA mixtures with ratios of UO,**:TTA equal to 1:1, 2:3, 1:2 and 1:4. 
Curves 3 and 4 show two breaks, the first at 1 and 1-5 equivalents of ammonia and the 
second at 2-3 and 2:2 equivalents of ammonia respectively. The second break in the 
two curves agrees with the value for uranyl nitrate alone (2-3 equivalents). Curves 
5 and 6 also show breaks at approximately 2:3 equivalents corresponding to the second 
break in curves 3 and 4. The latter part of curve 6 represents the neutralisation 
of excess TTA. 


DISCUSSION 
The following equilibria exist in solutions of thenoyl trifluoroacetone (TTA). 


OH 


| | 
=! | -co—cu—c_cr, = 


oO 


The absorption spectrum of TTA (Fig. 1) shows a maximum at 337 my due to its 
enolic form in accordance with the observations of SACCONI and GIANNONI*, who 
observed that #-diketones gave an absorption maximum in the range 307-349 mu. 
In solutions of low pH the enolisation of TTA is suppressed, as seen in the curves 
in Fig. 2, where the 337 my peak disappears below pH 5-0. The spectrum of freshly- 
prepared solutions of TTA in benzene (Fig. 13, curve 2) is similar to that reported 
by and Reas™. 

As already mentioned, uranyl nitrate-TTA mixtures show an absorption peak 
at 380 my (Fig. 3) in addition to the 337 my peak, which is also in agreement with 
observations of the above-mentioned authors on the uranyl complexes of f-diketones 
(376-403 my). 

All the spectrophotometric methods employed to determine the composition 
of the uranyl-TTA complex in dilute solutions show the formation of a 2:3 complex 
which may be formulated as a bridged complex with the structure shown below. 
The behaviour of hydroxide groups to form olated compounds is well known, and 
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can be represented as follows: 


In dilute solution in an aqueous-alcoholic medium the solid complex may undergo 
a transformation as follows: 
2(UO,T,:2H,O) — (UO,),T,OH + HT + 3H,O 

The similarity in the absorption spectra of the 2:3 complex and of the solid complex 
in dilute solution in 50 per cent alcohol (Figs. 11 and 10) supports the assumption 
of such a transformation. While in TTA alone the 337 mu peak due to the enolic 
form of TTA is suppressed below pH 5-0, in the spectrum of the complex this peak 
appears even at pH 2-5. Hence the peak at 337 my in the spectrum of the complex 
below pH 5-0 can be attributed to the enolic form of TTA bound with UO,** in the 
complex, which cannot be destroyed up to pH 2°5. This is evident from the curves 
in Fig. 11, which show that the complex exists between pH 2°5 and 7, as indicated 
by the disappearance of the 337 mu and 380 my peaks in curve 6 and of the 380 mu 
peak in curve 1. 

The formation of a 2:3 complex in dilute aqueous-alcoholic solutions from 
solid UO,T,°2H,0 raises the question whether in the solid state also UO,T,-2H,O 
exists as [(UO,),T,OH-HT-3H,O]. This cannot be established by the present study, 
and it can only be inferred that uranium (VI) forms with TTA a 1:2 complex in the 
solid state and a 2:3 complex in dilute aqueous—alcoholic solutions. 

The complex formation between UO,** and TTA in aqueous-alcoholic solutions 
and the high stability of the colour of the complex can be advantageously used for the 
spectrophotometric determination of small amounts of uranium even down to | p.p.m. 
The pH of the solution must be carefully adjusted, since the intensity is appreciably 
influenced by it (Fig. 9). The sensitivity of the method increases with the alcoholic 
content of the medium. Considering the high complexing capacity of TTA it would 
be expected that most ions would interfere in the estimation of uranium, and the effect 
of several ions which were investigated showed that it was necessary to separate 
uranium from such ions before estimation. Thus, for quantitative estimation 
of uranium the pH, alcohol content of the solution, the amount of TTA, and the 
presence of foreign ions should be carefully controlled. 

The results of potentiometric titrations give no indication of the formation of a 2:3 
complex in concentrated solutions (2-5 x 10-* M) but all show the presence of 
a 1:2 complex irrespective of the UO,**: TTA ratio in solution. Hence it is concluded 
that in concentrated solutions, as in the solid state, uranium exists as a 1:2 complex, 
and in very dilute solutions as a 2:3 complex with TTA. 
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EXTRACTION EQUILIBRIA IN THE SYSTEM 
AQUEOUS HYDROCHLORIC ACID-URANYL 
CHLORIDE-TRI-N-BUTYL PHOSPHATE 
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Maition of 


Abstract The distribut chi le between aqueous hydrochloric acid solutions and 


undiluted tri-n-butyl phosphate (TBP) was examined as a function of increasing acid concentration 


= in the initial aqueous solution, the metal concentration be g kept constant, and as a function of 
a increasing uranyl chloride concentration for constant acid content of the initial aqueous solution 
4 The pregnant « rganic layers involved were investigated by means of volume swelling determinations, 
‘i and by viscosity, density, conductivity and spectr photometric measurements. The water content 


of the tri-buty] phosphate layer was also detern ined 

It was found that the chemical mechanism governing the extraction of uranyl chloride is largely 
dependent upon the hydrochloric acid concentration in the initial aqueous solutions. For low acid 
concentrations the mutual salting-out effect of the two solutes controls the n echanism; at medium 


acid concentrations (1-7 M HC) the acid concentration has no marked influence on the extraction 


mechanism involved; at high acid concentrations it is the competition between two complex-solvates, 


namely the hydrochloric acid-monosolvate-trihydrate and the uranyl chloride-disolvate, which 


controls the extraction of uranyl chloride from aqueous solutions 


A SUBSTANTIAL proportion of the investigations on the extraction of uranium by TBP 
have been concerned with solutions of the metal nitrate in nitric acid solutions,” 
Although it has been shown‘?! that uranium can also be extracted from hydro- 
chloric acid by TBP, little information can be found in the literature on the mechanism 
of the extraction. The chemical mechanism involved was believed to be similar to 
that existing in the system containing uranium nitrate and nitric acid. viz 


UO? 2NO,,,) + [UO,(NO,)»:2T BP}, 


Despite its experimental simplicity, the solvent extraction of metallic salts from aqueous 


solution is a theoretically complex process of heterogeneous equilibrium, as the 


tendency for a given element to be extracted from an aqueous into an organic phase 


is largely dependent upon the anion accompanying the metal, and is even more 
dependent upon the hydration of the electrolyte in the organic phase. In our 


*) N. R. Geary, U.K.A.E.A., RDB (W) 8142 (1955). 


*) H. IrvinGc and D. N. EpGinGTon, J Inorg. Nucl. Chem 10, 306 (1959), 
I. J. Gat and A. RUVARA Bu Inst. Nucl. Sci. Belgrade 8, 67 (1958) 
4) IsHimorRI and E. NAKAMURA, Bul/. Chem. Sox Japan, 32, 713 (1959). 
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*) R. F. Larsen, H. M. Feper, E. Remy and G. Kesser. ANI 5213 (1953). 
D. F. Pepparp, G. W. Mason and M. V. Gercet. J Inorg. Nucl. Chem. 3, 370 (1957). 

) FE. K. Hype, Proceedings of International Conference on the Pea eful Uses of Atomic Energy, Geneva 1955, 
Vol. 7, p. 281. United Nations (1956) 
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investigation, special emphasis was placed on the important réle which water plays in 
the extraction of electrolytes into TBP”, Therefore. in view of the fundamental 


differences in the extraction by TBP of nitric and hydrochloric acids. pointed out in 


previous studies from this “?-and other laboratories’. it w is felt that the mechanism 


of extraction of uranium(VI) from hydrochloric acid solutions must differ from the 


above chemical mechanism for uranyl nitrate extraction from nitric acid media. The 
high water content taken up by TBP during the extraction of hydrochloric acid is 
primarily responsible for these differences. It is the purpose of the paper to propose 


a chemical mechanism for the tributv] phosphate extraction of uranyl chloride from 


aqucous solutions containing varying concentrations of the solutes, and to test this 


by a quantitative analysis of physical—chemical d ita'*."4.15) nertaining to the system. 


EXPERIMENTAI 


Baker's “Analysed Reagents” grade hydrochloric acid and May & Baker’s uranium chloride were 


used in these experiments; no further purification of the uranium salt was found to be necessary. 
Tri-n-buty] phosphate, obtained from Commercial Solvents Corporati nm, Was purified by washing 
with sodium hydroxide solution and then six times with distilled water. The dissolved water was 


16.17 


removed by distillation 


The initial aqueous solutions were prepared by mixing calculated amounts of stock solutions, 


both hydrochloric acid and uranyl chloride. with dist lied water to give the ippropriate initial 
concentrations. The concentrated uranium solution was prepared lissolving uranium chloride in 
distilled water and saturating the solution obt ined with hydrogen chloride at room temperature 
The resulting solution contained 3-21 M uranyl chloride a 8-83 M hydrochloric acid. Undiluted 
TBP was used as extractant through ut th xper:ments 

Equilibrium and volu i! measurement ere rri¢ it by introducing 5 ml of both 
aqueous solution and TBP 10 ml graduated ntrifuge t 1s described previously?*’. 
It was shown by separate experiments that 15 min mixing per re sufficient to establish equi- 
librium both the high-ur im and low-uranium studi I Oratory temperature varied 
between 18 and 22 The effect of t mperature within this range was shown to be within the error of 


Absorption spectra were measured with a Beckman Model DI! pectrophotometer with 1 cm 
glass cells, and when necessary glass spacers were « nployed. Det tions of the physical—chemical 
dat the density, viscosity and conductivity of vanic layers, were performed 
immediately after equilibration and separation. as crib us paper."*’ The uranium 


content was determined either colorimetrically by the thiocyanate meth i"* or gravimetrically by 
the 8-hydr xyquinoline procedure.''*’ Only the aqueous phase wv nalysed, the uranium content of 
the other phase being obtained by difference from the total urani yntent. In several cases, a test 
for material balance was made The results show d that fi *xtr n ratios between 0-2 and 100, 
reproducibility was better than + per cent at low uranium and r cent at high uranium content 
experiments. The concentration of the acid in the samples with ranium content was calculated 
from the results of chloride titrations by the Volhar 1 method, by subtracting twice the uranium 


concentration from the chloride value. Water determinations in the TBP layers were carried out by 
means of Karl Fischer reagent 

Since the instability of tributy! phosphate solutions of uranyl! chloride in the presence of hydro- 
chloric acid was repeatedly confirmed, all solvent equilibrations were made immediately prior to use. 
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Such solutions display a rather 1 ipid change, the uranium(\ 1) being photolytically reduced to uranium- 
(IV) and the TBP hydrolysed to alky! phosphates, resulting in a greenish precipitate. New data on 
the hydrolytic degradation of TBP in the presence of hydrochloric acid and on the phenomena 
mentioned above, were recently obtained in this laboratory and will be reported in a subsequent 
publication; discussion of the results in connection with the system under consideration will therefore 
be deferred 
RESULTS 

Two series of experiments were carried out. The first related to the variation of the 
extraction ratio, £., of uranium(VI) as a function of the initial hydrochloric acid 
concentration for a constant concentration of uranyl chloride (0-092 M) in the initial 
aqueous solution, this being the original concentration in the aqueous phase before 
any partition of the solutes between the two phases. The second set of experiments, 
designed to study m precisely the heterogeneous equilibrium involved during the 
passage of the two solutes into the organic layer, consisted of physical—chemical 
and distribution studies under conditions of constant acidity and varying concen- 


trations of uranyl chloride in the initial aqueous solutions. The aqueous electrolyte 


concentration in this set of e xperiments was chosen to be near to Saturation. 


Studies with low uranium nien 


li 


the ternary system H,O-HCI-TBP, the basic system for that under considera- 


ti i number of intera between the components were detected by a physical 
chemical analysis of the pregnant organic lavers. “2 If when dealing with the extraction 
of an inorganic salt from hydrochloric acid, the restriction C,, Cuci 1S applied, 
the behaviour of the system as a whole should not differ significantly from that of the 
simpler two-phase condensed system of three components, viz., water—hydrochloric 


acid—tributy] phosphate. The behaviour of this basic system—at least as far as changes 
in phase ratios and solvent properties are concerned—-will serve as a common pattern 
for the extraction of any metal. Some information on the above is derived from a 
previous study of the distribution of heptavalent rhenium between nitric acid and 
tributyl phosphate 


tion of 9-2 


and further evidence is presented in this study. The concentra- 
10-* M uranyl chloride is sufficiently low so as not to modify the phase 
isotherms. The extent of mutual miscibility of the phases, the density, viscosity and 
conductivity of the organic phases, and the distribution of hydrochloric acid between 
water and TBP seem to be unaffected by the presence of the low uranium content in 
the system, except for the distribution at low acid concentrations below | M. Figs. | 
and 2 show respectively the distribution of the acid between the two phases and the 
both in the presence and in the absence of uranyl 
chioride. Table 1 shows that the presence of uranium influences neither the mutual 
solubility of the phases nor the high content of water taken up by TBP during the 
extraction of HCI. Density and conductivity measurements also give substantially 
the same values for both systems 


} 


fat 


le 1 shows further the variation of the extraction ratio of uranium from aqueous 
y an equa! volume of the solvent. The number of chloride atoms in the 
extracted complex was deduced conventionally from the slope of a log-log plot of the 


solution 
extraction ratio versus the ligand activity” in the equilibrium aqueous phase, for 
constant uranium concentration in the initial aqucous solution and constant extractant 


**) A. S. Kertes and A. Beck. J € fem. Soc. Submitted for publication 
*) H.S. Harnep and B. B. Owen. Ph ! Chemistry of Electrolytic Solutions. Reinhold New York (1950), 
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© In absence of 


© In presence of UO2C\, 


HCL in the equil . org. phase, 


6 8 
HCL in the equil. oqu. phose, M 


Fic. 1.—Distribution of HCI between water and 100° TBP in the presence and in the absence 
of 0-092 M UO,C\,. 


cP 


Viscosity 


20 
HCL extrocted, mmoles 


Fic. 2.—Viscosity of the equilibrium organic phases as a function of their HCI content, 
in the presence and in the absence of 0-092 M UO,Cl,. 
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e, as shown in Fig. 3. The extraction ratio for 
cond power of the aqueous chloride activity over a 
ride to metal ratio of two in the extracted species. 

WS 4 Maximum extraction ratio for concentra- 
olution of about 7 M, in accordance with previous 


this phenomenon will be proposed later on, when 


ssed. At low acid concentrations up to about | M 


M UO,Cl, anp HC! BETWEEN WATER AND UNDILUTED 
YCENTRATION THE INITIAI SOLUTION 
MES 5 mil (18-35 TBP) 


Extracted into the 


phase, (mmole) 


{ Ol uranium does not tollow the second power 
in Fig. 3. Neither of the previous uranyl chloride 
of uranium at these low acid concentrations. By 

es of chloride extracted into TBP. the 
} Ihe intersection of the two parts of the curve, 
of about 1-4 mmoles in the equilibrium organic 


ratio of three. The first part of the curve has a slope 
ype and the point of intersection indicate that each 
tne organk phase together with three chloride ions 
pletely extracted (0-46 mmole) into the TBP, free 


nic phase. This phenomenon probably accounts for 


tion of HCI in the absence and in the presence of uranium 


initial solutions, as already pointed out. This point 
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100 


0 0 100 
Equil. aqueous activity , 


Log-log plot of the extraction ratio E, of uranyl chloride against chloride activity 
in the equilibrium aqueous phase 


z 


w 


extracted, 


Cl extrocted, mmole 


Fic. 4.—-UO,** and Cl- extracted into 100° TBP 


Extraction of macro-quantities. The saturation effect 


Our attempts to understand the competition between hydrochloric acid and uranyl 
chloride for the available extractant when they form extractable solvated molecules 
during their co-extraction from aqueous solution, have led us to carry out a study 
of the extraction of uranium from hydrochloric acid solutions, when both solutes are 
present in the initial aqueous solutions in comparable concentrations, sufficiently high 
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to approach “saturation” of the extractant. After a number of preliminary experi- 
ments, the final set was chosen at a constant acid concentration of 8-83 M. The 
uranium stock solution was 3-21 M UO,Cl, at this acid concentration. The compo- 
sition of the experiments is shown in Table 2, together with the distribution data. 

Figs. 5-7 show the variation of the density, viscosity and conductivity respectively 
with the amount of uranium extracted. Table 2, column 5, shows the extent to which 
mutual miscibility of the layers is dependent upon the initial composition of the 


TABLE 2.—THE DISTRIBUTION OF 8°83 M HCI anp UO,Cl, BETWEEN WATER AND UNDILUTED 
TBP AS A FUNCTION OF THE URANIUM CONCENTRATION IN THE INITIAL SOLUTION. 
PHASE VOLUMES 5 ml (18-35 MMOLES TBP). 


UO,Cl, (M) : Extracted into the 
——~— Swelling organic phase, mmole 
of the ~~ 


Init. Equil. Organic 


aq. aq. acid uranium water 
soln. phase 


aqueous phase or, more precisely, upon the amount of uranium extracted. The three 
figures, as well as the data on the volume swelling in column 5, show abundant 
evidence that the nature of the organic phase changes markedly when the uranium 
content reaches a TBP : uranium mole ratio of about three. The sharp increase in 
the density, viscosity and resistance values might indicate that a different chemical 
mechanism controls the extraction of uranium from the above TBP : U ratio and 
upwards. 

The extraction ratio decreased as the total amount of uranium present was 
increased at constant acid concentration. If this effect is to be quantitatively studied 
the acid concentration must be carefully controlled, because the extraction is largely 
dependent on the acid concentration, and the total amount of uranium in the initial 
aqueous solution was kept sufficiently high to minimize the effect of the acid upon 
ionic strength. This is an additional reason why high concentrations of solutes were 
chosen. Fig. 8 is a graph of uranium versus acid content in mmole in the equilibrium 
organic phase; a break in the curve appears at a UO,Cl,:GCI ratio of about one. 
At this intersection the TBP: UO,Cl, ratio approximates to three. The first part of 
the curve has a slope of unity, and the second part a slope of two. We would interpret 
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scale reading 


Resistance, 


a 6 
extracted, mmole 


Fic. 7.—Resistance of the equilibrium organic phase as a function of UO,Cl,content. 
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Fic. 8.—HC! and UO,Cl, extracted into 100% TBP. 
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this as showing that in the concentration range corresponding to the first part of the 
curve each uranyl chloride molecule forces out one acid molecule, while in the second 
part each uranyl forces out double the amount of acid, 

There is evidence'@*.® that the uranvl nitrate molecule is unhydrated in the tributyl 
phosphate phase. The extraction of macro-quantities of uranyl chloride entails the 
transport of appreciable quantities of water from the organic phase back to 
the aqueous phase. A similar phenomenon was recently observed by IRVING and 


mmole 


extrocted 


3 4 5 6 7 8 
extracted, mmole 


Fic. 9.—H,0O and O,Cl, extracted into 100° TBP 


EDGINGTON® during the extraction of macro-amounts of cobalt chloride into TBP. 
[he amount of water in the organic phase is shown in Table 2, column 9, while Fig. 9 
shows the graph of H,O (mmole) versus lt O,Cl, (mmole) in the equilibrium organic 
phase. The line with a slope of six drawn through the points fits the values with a 
certain scatter in the lower part. | nfortunately, our Karl Fischer determinations are 
not accurate enough in this region; this is probably due to the high uranium content 
in the samples, which may interfere with the water determinations. If the slope of 
SIX IS Correct throughout the region, each uranyl chloride entering the organic phase 
forces out six molecules of water. This number six fits our scheme for the proposed 
extraction mechanism, as will be shown later. 

Fig. 10 shows the spectrum of uranyl chloride in TBP. As the spectrum was 
fundamentally the same throughout the experiments 101-110, with varying UO,Cl, 


lr. V. Hearty and H. A. C. Me Kay, Trans Faraday Soc. 52, 633 (1956). 
' L. L. Burcer, J. Phys. Chem 62, 590 (1958) 
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and HCl content, it was possible to calculate the molar extinction for the wavelength 
range investigated. We estimate that our e values are accurate within +-8 per cent in 
the regions400-—415 my and 485-500 mu and within +3 per cent in the region between 
415 and 485 mu. Because of this difference in accuracy, the possibility of different 
spectra in the two border regions cannot be excluded. The characteristic peaks of the 
spectrum at 420, 430, 445, 465 and 480 mu are very close to those given by uranyl 
chloride in ethereal and ketonic solvents’ in which category [TBP may be included.‘® 


c 
= 
° 
= 
| 
— - — — 
+ 48 
wove ieng 
Fic. 10 Absorpt spectrum oO! urany hioride in undiluted TBP 
1 prese © of hydrochioric acid (see text.) 


It must be pointed out, however, that HEALY and McKay”) found no resemblance 
between uranyl nitrate spectra in these solvents. It is difficult to derive more con- 
clusions from the spectrum because of lack of information from independent sources 
concerning the nature of the species in uranyl chloride solutions under various 
conditions 

The metal ion is not hydrolysed under the experimental conditions presented in 
this paper, and therefore the variation in the extraction ratio when the initial uranium 
concentration is increased tenfold must be attributed to polymerization of uranium in 


*4) RaBiINOWITCH, ANL-5173 (1953) 
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the aqueous phase‘ *"), since it has been shown”) that a decrease in percentage 
extraction with increasing initial metal ion concentration indix ites polymerization of 


metal in the aqueous phase. In Fig. 11 log [l |, 18 plotted versus the logarithm of 


organic uranium molarity, log [U],. The slope of the first part of the curve is four. 
and of the second eight. indicating a greater degree of poly zation of uranium in 
the aqueous phase. The increasing change in the slope of the curve with increase in 
uranium concentration shows evidence of more than one polymer present. Following 
IRVING et al.'*) Fig 12 was constructed to show the extent of polymerization in 
organic and aqueous phase 5 The slope IS negative, again indicating a higher degree 
ol poly erization in the aqueous phase than in the 


DISCUSSION 


Olubility of water in TBP indicates that a TRP-1 y*hydrate is formed by 
hydrogen bonding.” [his does not seem to undergo au onization, probably 
owing to the double hydrogen bond involved," as was shown from conductance and 
viscosity determinations. The affinity of TBP for water does not decrease as the 
uptake of hydrochloric acid by TBP increases, and it was suggested"?-™ that for low 


acid concentrations of up to about | M HCl in the initial aqueous solution the main 
interaction remains that of the binary system of TBP-H,O rather than that of the 
ternary system containing in addition hydrochloric acid. Therefore, it should not 
be surprising that at low hydrochloric acid concentrations up to approximately | M 
the basic ternary system of H,O-HCI-TBP is not compietely identical with the 


A. E. Levirr and H. Freunp, J. Amer. Chem. Sox 78, 1545 (1956) 
R. J. Myers, D. E. Merzier and E. H. Swirr. J. Amer. Chem. S 72. 67 (1950) 
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four-component system H,O-HCI-UO,Cl,-TBP and, furthermore, not surprising 
that the ligand dependency of the extracted uranium is different from that 
at higher acid concentrations. Comparing the amounts of HCI extracted from water“) 
with those from aqueous uranium chloride solutions at identical initial acid concen- 
trations, given in Table | and plotted in Fig. 4, one can see that the uranyl chloride 
plays the rdle of salting-out agent for the hydrochloric acid. This mutual salting-out 
effect is probably responsible for the HUO,Cl,, molecular or ion-paired, species 


log [U] 


plot of the extraction ratio of uranium(VI) against its concentration in 
the initial aqueous solutions 


existing in, or extracted into, the TBP phase at low acid concentrations. This 
behaviour of the system for initial acid concentrations below 1 M is in marked 
contrast to that at higher acid concentrations. It seems quite safe to assume 
from our experiments, and also in accordance with those published by other 
authors®.*.®), that for acid concentrations between 1 M and approximately 7 M HCl, 
the uranium species extracted has the simple composition UO,Cl,. The extraction 
ratio reaches a maximum at acid concentrations between 7 M and 8 M HCI. as shown 
in Fig. 3. This agrees with the results obtained by IRVING and EDGINGTON"?, 
ISHIMORI and NAKAMURA") and SHEVCHENKO et al.‘ For higher acid concentrations 
the extraction ratio decreases with increasing HCI concentration in the initial aqueous 
solution. This range of acid concentration appears to correspond to a maximum 
extraction ratio for a number of other bivalent metal chlorides. 
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The different solvation number of hydrochloric acid in TBP. as found from a 
previous investigation,” offers the most tempting explanation for the “maximum 
range’ phenomenon recorded, since it is very unlikely that a simple competition exists 
between the solutes for the available TBP molecules, one of the solutes (in this case 
uranyl chloride) being a minor constituent of the system, and the other constituent 
(in our case HCI) being nearly one hundred times in excess. The possibility of several 
solvates appearing for the same inorganic Species at various acid concentrations of the 
initial solution is known (see for example Ref. (29). There is an equilibrium between 
two different solvates and, in general, the higher solvate gives place to the lower in 
concentrated solution. This is the case in our basic ternary system H,O-HCI-TBP. 
It was found that for concentrations of acid up to about 7 M HCl in the initial aqueous 
solution, the only species existing in the organic phase is the hydrochloric acid 
disolvate-hexahydrate, [HCI-( BP),-(H,O),]. At this concentration all the TBP is 
bound in the complex. Further uptake of HCI by the organic phase results in a pro- 
gressive degradation of the disolvate according to the equation 


+ HCl,,) (1) 


and leads to increased formation of a hydrochloric acid—monosolvate trihydrate. 
lhe formation of the monosolvate begins when the initial acid concentration exceeds 
7M. This new compound, the monosolvate, is the Only one competing with uranyl 
chloride for the available TBP: increase in its formation in the organic phase pro- 
gressively forces the uranyl chloride out of the organic phase. 

In order to check the above assumption, the second set of experiments was chosen. 
A concentration of 8-83 M HC! in the initial solution already causes the formation 
of a rather significant amount of the monosolvate in the opposing equilibrium organic 
phase. The high concentration of uranyl chloride, on the other hand, should enable 
us to prove quantitatively the above chemical mechanism 

The interpretation derived from Fig. 8 is compatible with the formation of a 
uranyl chloride—disolvate.” and the replacement of the hydrochloric acid—disolvate 
could be represented as follows: 


+ UO + HCl) + (2) 


where for each UO,CI, entering the organic phase, one molecule of HCI and six 
molecules of H,O are forced out of it, as the slopes in Figs. 8 and 9 indicate. As long 
as the species [HCI-(TBP),-(H,O),] exists in the organic phase, no serious competition 
takes place between the acid and the uranium for the available TBP molecules. Only 
on further increase of the uranium concentration does real competition start between 
the solutes when passing into the organic phase. This competition could be represented 
by the equilibrium 


+ UO,Cly4) + 2HCl,4, + 6H,O,., (3) 


as indicated by the slope of the second part of the curve in Fig. 8 and by the slope in 
Fig. 9. 
When a certain concentration of uranium is reached in the equilibrium organic 
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phase, all the acid-disolvate has been replaced by uranyl chloride ; 


phase contains excess of acid only as the monosolvate 


[HCI-(TBP),-(H,O),] (HCI-TBP-(H,O),] 


(UO,CI,(TBP),] 


(HCI TBP(H,O),] HC] 


At this point, markedly shown in Figs. 5—8, the organic phase co 
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lower solvate formation accounts for all the differences appearing in o 
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ntains uranium 


ental conditions 


with difficulty 


ol comparable 


with the mutual 


‘ther from the 


Saturation 


Operate 


compar- 


concentration 


if the organic 
erore to he 
ent ot 


iS reported 


yn of anhydrous 


nhydrated. and 


apparently unable to tak ip a third chloride aton Nevertheless. iS impossible to 
infer from the mea ements carried out in this investigation whet! a particular 
species identified in the orgal phase has crossed the pna e boundary as such, or has 
been formed by the interaction of two or even mor species in the organic phase in 
with the Opposlil phase Furthermore, in practice there are 
never “ideal”’ heteroge conditions. as defined by IRVING ef al 
and therefore it is not certa her UO,Cl, do yt react chemically with HC] in 


no such inter- 


the additional 


ate and that the 


a progressively 
if experiments, 
additional acid 


irectly attached 


to the uraniur thus, it ht be represented as [UO,( 31 BP-HCI-3H,O} 

Finally ve must point it that we can in no way claim that the properties ol 
nearly saturated solutions d 1 abo i is far as the determination of the salt 
solvation number } } I re Xact than those derived from the conventional 
extractant—dilutior expel ent [he latter are carried out under more ideal thermo- 
dynan ic COnditiol whl I lifferent tre those discussed in this paper. 


true that this 
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A SUMMARY OF TTA EXTRACTION COEFFICIENTS* 


A. M. PoSKANZER and B. M. Foreman. Jr.** 
Chemistry Department, Brookhaven National Laboratory. | pton, Long Island, New York 


(Received 17 May 1960) 


Abstract—Extraction with organic solutions of 2 thenoyltrifluoroacetone (TTA) has proved to be a 


versatile and powerful method for radiochemical separations. A summary of the data in the literature 


is presented. In general, the logarithm of the extraction coefficient is linea with pH at constant TTA 


concentration. The slope of this linear relationship and the pH of 50 per cent extraction for 0-2 M 


TTA in benzene are presented for forty-eight elements in the form of a periodic table. A graph is 


given by which one may quickly estimate per cent extraction as a function of pH. An equation for the 
f changing the organic 


th +¥ 


variation of extraction with TTA concentration is given and the e ect 


solvent is discussed 


New experimental data are presented for the extraction of Pa(V) and Fe(III) from hydrochloric 


acid 


1] 


y abbreviated as TTA) has 


THe chelating agent 2-thenoyltrifluoroacetone (usu 


proved to be a valuable reagent for the solvent extraction of many metal ions. It was 
designed to provide extraction from stronger acid solutions than other chelating 
agents.'"’? Thus there is a wide range of metal ions that may be extracted without 
interference from hydrolysis. The high power dependence of the extraction on acidity 
makes the separation Of one metal ion from another very sharp. Because of the wide- 
spread use of this technique, there are scattered data in tl erature on extraction 
coefficients for many elements under various conditions \ survey of these data has 
been made in order to provide a compilation for the purpose of facilitating the design 
of new radiochemical separation procedures and the estimation of impurities not 
likely to be removed by existing proc edures 

A considerable amount of work has been done on the use of TTA in the recovery 
of plutonium from irradiated reactor fuel element This work on “The Chelate 


Process” has been summarized by CRANDALL and Hicks”). However, there have been 
many other papers on the use of TTA for various radiochemical separations as well as 


several recent summaries of data. Hype has reviewed the valuable applications of 
TTA to the separations of the actinide elements. Moore, and MORRISON and 
FREISER™? have listed the optimum pH of extraction for many elements. Dyrssen‘® 


* Research performed under the auspices of the U.S Atomic Energy Commission. Presented before 
the 136th National Meeting of the American Chemical Society. September 1959 

** Present address: Department of Chemistry, Columbia Univers ty, New York, New York 

? The elements for which a reference contains extraction data are indicated in parentheses at the end 
of the reference. G stands for general reference. 


" J. C. Rew and M. Carvin, J. Amer. Chem. Soc. 72, 2948 (1950); CN-3343 (1945). [G] 
H. W. and T. E. Hicks, TID-2504 (1953) [U(IV), Nb(V), 

*) E. K. Hype, Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1955, Vol. 7, p. 281. United Nations, (1956) [G] 

* F. L. Moore, Symposium on Solvent Extraction in the Analysis of Metals. Special Technical Publication 
No. 238, A.S.T.M. (1958). [Fe(III), G} 
G. H. Morrison and H. Freiser, Solvent Extraction in Analytical Chemistry. John Wiley, New York 
(1957). [G] 

*) D. Dyrssen, Svensk Kem. Tid. 68, 212 (1956) [G] 
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presented a tabie Of extraction constants and recently SHEPERD and MEINKI 


constructed a graph of per cent extraction versus pH for many elements. The present : 
summary differs from the preceding ones in being more complete, in presenting the 

data taken under various experimental conditions on a uniform basis so that the 

relative extractabilities of the elements are more apparent, and in presenting the data 

in a form from which one may more readily estimate extraction as a function of pH, 

TTA concentration and solvent 


PROPERTIES OF TTA 


ITA is usually obtained as a ligh raw-yellow solid, molecular weight 222-2. m.p 


42-5—-43-2°C. TTA may be purified by vacuum distillation. It is sensitive to light and 


should be stored in brown bottles. This chelat ng agent is a |,3-diketone and exists in 


the foll wing three forms 
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16 
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Ihe TTA enolate ion forn 
where z is the charge on the un piexed metal ion. In the benzene phase TTA is 
about 1! per cent in the keto hydrate for ne rest in the enol form. In dilute acid 
about 1-6 per cent of the TTA is in the et for the remainder in the keto hydrate 
form.” The stoicheiometric distributi: coefficient (total TTA in benzene/total TTA 
im aqueous) is forty in dilute acid. The lowest value of the distribution coefficient 
is thirty-seven in 2M HCIO, and is sometimes much larger at high salt concentrations. 
Thus not more than 2} per cent of the TTA is in the aqueous phase at low pH values 


The stoichei metri ionization constant of TTA has been Studied by several 


E. SHEPERD and W. W. M 879 (19 
E. L. Kine and W. H. Ri J. Amer. Chen 73, 18 } AECD-2 
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authors. The best value of pX, at zero ionic strength and 25°C appears to be 6-38.'* 
At high pH values, TTA is converted to the enolate ion, lowering its stoicheiometric 
distribution coefficient. The ratio of initial to final TTA concentration in benzene, 
when equilibrated with an equal volume of an aqueous phase, is given by 


(TTA), 
(TTA), 


Thus at a pH of eight about half the TTA can be extracted into the aqueous phase. 
However if the pH of an aqueous solution of TTA is raised above nine, the TTA 
cleaves into trifluoroacetic acid and acetylthiophene faster than it enolizes.‘® Thus 
one must be careful when adjusting the pH of aqueous solutions of TTA with base not 
to exceed a pH of 9 even momentarily. However stable solutions of the enolate ion 
at higher pH may be prepared by dissolving anhydrous TTA in basic solutions.‘®’ 

The stoicheiometric activity coefficient of TTA in benzene has been measured by 
KiNG and Reas®®. They fit their data with the following equation: 


far = 1 — (2) 


where (HT), is the concentration of TTA in benzene. 

Besides solvent extraction, TTA has been used in colorimetry,™ chroma- 
tography,” and ion exchange.“* An interesting polarographic study of TTA has 
been made by ELvinG and CALLAHAN”, 


= 1-02 + 10-*/[H*]. (1) 


THEORY 
The equation for the extraction of a metal ion with charge +z, M**, can be simply 
written as 


(M**), + 2(HT), = (MT,), + 2(H*), 
where subscripts a and o refer to the aqueous and organic phases respectively. A 
thermodynamic extraction constant for this process can be written as 
= Ef wr Yur" 
(HY) | 


x + + +... + + + 
(3) 


where E is the extraction coefficient (total concentration of metal in the organic phase/ 
total concentration of metal in the aqueous phase), parentheses indicate concentration, 
f’s organic phase activity coefficients, and y’s aqueous phase activity coefficients. The 


Kin 


terms in the large square brackets correct for the fact that not all the metal in the 
e aqueous phase is present as the bare uncomplexed, unhydrolysed metal ion. The 
individual terms indicate how one should correct for such processes as complexing 
‘* E. H. Coox and R. W. Tart, Jr., J. Amer. Chem. Soc. 74, 6103 (1952); NYO-3374. [G] 
= (20) E. L. Kine and W. H. Reas, J. Amer. Chem. Soc. 73, 1804 (1951); AECD-2573. [G] 
A. De and S. M. Kuopxar, Chem. & Ind. No. 26, 854 (1959). [G] 


2) EB. W. Bero and R. T. McIntyre, Analyt. Chem. 26, 813 (1954). [G) 
9) R. A. James and W. P. Bryan, J. Amer. Chem. Soc. 76, 1982 (1954). [G] 
P. J, Ervine and C. M. Cattanan, J. Amer. Chem. Soc. 77, 2077 (1955). [G] 
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with the anion X~, hydrolysis, and complexing with the anion of the weak acid HY. 
The latter may even stand for the formation of aqueous metal-TTA complexes. 
So far it has been assumed that the only metal species in the organic phase is the 


uncharged chelate MT This has been shown to be true many times by the dependence 
of Ff, n the z™ power of the TTA activity. There are a few exceptions to this rule 
which will be discussed below 


The quantity fy, has been measured for U(IV) in benzene as a function of TTA 


concentration.) Within e kperimental error, it was found to be equal to fi, at the 
same TTA concentration. It has often been assumed for other metals that fs hin 
independent of chelate concentration. and equation (3) simplified accordingly. We 
will in general ad pt this pr dure. There is an exception to this rule however for 
uranyl ion. Several have found that f,,-. for the uranvi 10ON Is consider- 
ably less than / [his has been i rpreted"'®!”) as resulting from the combination 
of the chelate, | O,T,, with an HT molecule to form the weak complex UO,T,-HT 


with a formation constant of two. Thus fwr, for U(VI]) is given by 


HT 


(4) 
+ 2HT)fy, 


Equation (3) has been used for many studies of complex and hydrolysis constants" 


and if one had values of the K., in equation (3) for many elenents. it would provide 


interesting structural chemical information. (See reference 6.) However, from the 


radiochemist’s point of view one needs only to conveniently reproduce the extraction 


data. It has been found that the following equation fits almost all the experimental 


data in dilute solution 


E{H*] 


(5) 
(HT)*f 


iT 


IS a constant when it is not equal to z. It does 


appear, however, that within expe ntal error log & is generally linear with pH 
tconstant TTA concentration. The parameter x ma\ liffer from z because it includes 
t lects of ind rm I rackets in equation (3). It was also found for 

1 solutions that if ed the acid concentration instead of [H | in equation 


hip within experimental error. 


Y constant. 


If iq uc is metal-TTA piexes wel! formed then the z as wel! is the x of 
equation (5) would appear to | ier than the value of z which one would use in 
equati Howey t ca that have been measured the apparent TTA 
power dependen s still : \ tw be shown in a later section that the directly 
measured agueous TTA | lally not strong nough to affect the apparent 
value of in the region of interest by more than about two-tenths of a unit. Thus 
the value of z in equation (5) has usually been taken to be the charge of the bare ion 
in the aqueous phase. This is the oxidation state of the metal. except for oxygenated 
cations, such as U(VI) and Pu(\ hich have a charge of +-2. 


uN Reas, UCRL-226 (1948) [Pu(lV), 
W. C. Orr, UCRL-196 (1948 U(VI), G 
E. L. Kin CC.3618 446). (MB-278 U(VI). G 

G.N. Wal N, F. BArKer and G. Byrieer. AERF-( R-768 (1951). [U(VID. G 

"% R. E. Connick and W H. McVey. J. Amer. Chen Soc. 71, 3182 (1949); AECD-2272 UCRL-101 
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A summary of TTA extraction coefficients 


SUMMARY OF EXTRACTION DATA 


A critical review of the available data on TTA extractions using benzene as the 
organic solvent has been made using equation (5) when the experimenter measured 
the pH of his solutions. For experiments in strong acid where the acidity was deter- 
mined by titration, the hydrogen ion concentration was substituted for [H*] in 
equation (5). For most of the data the metal ion concentration was small compared 
to the TTA concentration. When this was not the case, the free TTA concentration 
in the organic phase was calculated and used in equation (5). The values of the 
parameters K and x which best fit the data are presented in Table 1. Notice that it 
is necessary to use different values of K and x for different aqueous media, such as 
strong HCl or HNO,. However, the values of K and x should be independent of the 
TTA concentration at which the measurements were made. To make it more conven- 
ient to use the numbers, the mid-point of the extraction curve for each element 
was calculated for a commonly used TTA concentration. Thus, pH,, was defined 
as the pH of 50 per cent extraction for an equal volume of 0-2 M TTA in benzene. 
It is related to K and x by the following equation: 


pHs, = “(pK + 0-75z — 0-05). (6) 


The values of pHs, and x are presented in the form of a periodic table in Fig. 1 
For the cases that have negative pH, ’s, the acid concentration has been used instead 


ELEMENT 


DH OXIDATION STATE | 
1/61 PH. * PH OF 50 % EXTRACTION WITH EQUAL VOLUME 


NEGATIVE " pH,., “= =LOG HCI CONCENTRATION 
x* COEFFICIENT OF DpH DEPENDENCE OF LOG E 


= OXIDATION STATE WHEN NOT INDICATED 


-0.24m)) 4.) >s || 1.38 
(4.5) 
| 
| | Ru || Rn | Pa || ag 
7.8 || 3.20 |/-1.08 | 


to lie Pr | 
| 4.24 || -1.0 || 

‘| (3.5) || 


| 


Ce | Pr Nd Pm Sma), m| Oy Holl) Er || Yom 
| 380mm) 3.68 || 359 | 342 } 3.29 || 329 || 3.26 || 324 | 3.08 | 315 | 3.05 || 2.97 
| | 


| | | 


[Thali Po || u Np || Pu eal ‘Fm 
048 3.22 || 34 || 3.0 
662 1.97 -O.70m 
Sz 


= 


Fic. 1.—Extraction of the elements with 0-2 M TTA in benzene. 
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TABLE | EXTRACTION PARAMETERS FOR BENZENE SOLUTIONS OF ITA 


Element and 


phe 3 a > 6 »f See 
enidation state Aqueous phase x A PHs, Ref See also 


Actinium (II1) Dil. NaCl 1-9 33 10 4:57 21 
Aluminum (III) Low salt ; 5-9 10 2-48 22 
Americium (II1) Dil. acid 3-5 10-* 3-22 23 
Barium (II) 2 ~2-3 24 
Berkelium (III)'¢ 0-1 M NH,C,H,0,C!I 3 —~1°5 10 3-0 25 
Beryllium (I1)'* 2 63 10-* 2:33 2? 
Bismuth (III) Dil. NaCl 6:2 10-* 1-80 21 
Cadmium (11) 8 26 
Calcium (I1) Dil. NaCl 2 l 10 6 27 
Californium 0-1 M NH,C,H,0,Cl 3 8 10-* 31 25 
Cerium (III) HC! + KCl, uw 0-1 3 +7 3-88 28 
NaAc-HAc buffer 21 3-0 3-68 28 
(NH,),SO,, u = 0-1 3 4-0 10°"! 4-20 29 
Cobalt (11) 2 10 41 30 
Copper (II) Low in salts 2 4-8 10 1-38 22 
Curium 0-1 M NH,C,H,0,C! 3 | 10-* 3-4 25 
Dysprosium (III) HC! KCl, 0-1 3 93 3-08 28 31 
Einsteinium 0-1 M NH,C,H,0O,C! 6 10-* 3 25 
Europium (III) HC! KCl, u 0-1 3 2-2 3-29 28 
Fermium (II1)'¢ 0-1 M NH,C,H,0,C! 8 3 
Gadolinium (III) HC! KCl, 0-1 3 2:7 10-* 
Hafnium (1V)'? HC! 5 10 
2 M and 4M HCIO 3 10 Bes 


HNO, or HNO, 


NaNO 
Holmium (111) HC! KCl, 0-1 3 5-¢ 10-* 3-15 28 
Indium (III) Potassium acid 4°6 10 2-18 
phthalate H¢ Vol, 
Iridium (III) 7 38 16 


Iron (111) 


1960/61 


HNO, variable —A) 5 19 49 
Lanthanum (III) HC! K¢ 0-1 3 10 4:24 28 50 

NaAc—HAc buffer 2:1 5-2 10 4-04 28 

Dil. acid 3 1:7 10 3-99 23 24 
Lead (II) Dil. NaCl 2 5-8 10 3-34 21 
Lithium (1) 0-1 M LiCl 8 This 


Lutecium HCl + KCl, 0-1 3 1:7 10 2-99 28 
Neodymium (III) HC! + KCl, 3 2:7 10-* 3-59 28 23 
Neptunium (IV)'? HC! 3-¢ 108 0-34 40 
HCIO, + NaClO,, = 2 3-8 10 0-66 41 
Nickel (II) HNO, 5 42 
Plutonium (IIT)'* 0-005 M Fe(CiO,),, 3 3-6 10 2-21 43 49 
0-1 (LiINO,) 
Plutonium (IV)‘? HC! 5-5 6-7 10° 0-70 44 
1M HClO, 4 
HNO, 4 
Plutonium (VI) 0-05 M HNO, 2 
Polonium Dil. NaCl 2 
Praseodymium (III) HC! KCl, uw 0-1 3 
Promethium (III) HCl KCl, uw 0-1 3 
Protactinium (IV)‘¢ 6 N HC! with Cr’ 
Protactinium (V)‘¢ HC! 2 


Radium (II) Dil. Nac! 2 7 21 
Samarium (III) HCl + KCl, 0-1 3 
Scandium (III) HC! + KCl, uw 0-1 3 
Strontium (II) Low in salts 2 
Terbium (IIT) HCl + KCl, uw 0-1 3 
Thallium (1) Dil. NaCl l 


work 86 : 
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TABLE |1—continued 


Element and 
Aqueous phase pH Ref. | See alse 


Oxidation state | 


Thallium (111) Dil. NaCl 1-5 10 21 

Thorium (1V) Dil. NaCl | 4 10 48 21 62.59 
HNO, 4 79 $5 2.63 
0-1 M HCIO, + 4 


LiClO,, 


Thulium (11) H¢ KC! | 10 22 
Uranium (1V)'? NaClo,, 2 4 1-9 10 
HNO 4 15 108 49 
Uranium (VI) Dil. HNO, 1-5 23 iT } 59 18,49 
HCIO, LiClO, 2‘e 2's 5-5 10 16 65,17 
Ytterbium (111) HC! KCl, 0-1 19 10 28 
Yttrium (11) HC! KCl, 0-1 41 28 24 
Zirconium (1V)'* Hc! 4 1-8 10 47 
HNO,, ~2 1-3 « 10° 46 49 
2M and 4 M H¢ 108 9 33,34 


*' K and x are the parameters in equation (5). - is equal to the oxidatior ate unless Otherwise noted 


PH of 50 per cent extraction into an equal volume of 0-2 M TTA in benzer All data refer to room 
temperature Or 25 °C unless otherwise noted 

See equation (1) for the initial TTA concentration necessary to give the eq rium TTA concentration 
of 02M 


*’ Calculated from toluene data by use of Table 2? 


Te Valu ipp Ss Only when the meta extracted from the a JucOU t ne oO 


rganic phase 


Tt vaiue Of x has deen assumed Vaile wa ven in the origi reter 


Hydrogen ion concentrat On was used instead of activity 


Moore {nalyt. Chem. 29, 448 (19 lV 
} 1. HAGEMANN. J. Amer Chem. 72. 768 (195 ANL.40R¢ Ac Ph Po h 1), 


Wisu, J. Amer. Chem. S 72, 448 1950 AECD-2665 (1949): ORNL-136 


(1949 Be, ¢ Sr, All 


L. B. Werner and |. Pertman. BC (1946). [Am. La. Nd 
” H. A. Levy and A. Browo, CNL-3 48). (Ba, Fe(II), La. ¥ 
L. B. MAGNUSSON and M. L. ANpersow~ J. Amer. Chem. Soc. 76, 6207 (1954 Am, Bk, Cf, Cm, | 
Eu, Fm, Yb 
J. R. De Vor. NAS-NS 3001, 1960. [¢ d] 
4. Broiwo, AECD-2616 (1947). a, Sc 


* H. J. Bronauon and J. F. Surrie. LA 1561 (1953). [Rare Earth Elements. Sc. Y) 
J. F. Suttte, AECU-741 (LADC-776) (1949) 
P. C. Tompkins and A. Brorwo. MonN 311 (1947). [CofIl), Zr. ¢ e(IID) 
F. W. Cornisn, AERE-C/R-891 (1952). [Dy 
*) J. P. McBripe and R. W STOUGHTON, ORNL-286, p. 122 (1949). 
I 


H. HurrMan and L. J. Beaurair, J. Amer. Chem Soc. 71, 3179 (1949): APCD.2387 {Hf, Zr] 
H. Hurrman, G. M Ippines, R. N. Ossorne and G V. SHauimorr, J. Amer. Chem Soc. 77, 881 
(1955); UCRL-2536, [Hf, Zr] 
*) E. M. Larsen and G. Terry, J. Amer. Chem Soc. 75, 1560 (1953). [Hf, Zr] 
* J. P. McBripe AECU-399 (1949): ORNL-303 {Hf} 
*”) D. W. SUNDERMAN, I. B. ACKERMANN and W. W. Menke, Analyt. Chem. 31. 40 (1959); AECU-3641 
(1957). {In} 
M. LinpDNeR, Private communication. (This laboratory) (1959). [Ir] 
M. Cerora and B. Micciou NYO-721 (1951). 
*) L. B. MaGnusson, J. C. HINDMAN and T. J. La Cuapetre, ANL-4066 (1947 Np(lV)} 
* J. C. SULLIVAN and J. C. HINDMAN J. Amer. ¢ hem. Soc. 76, 5931 (1954). [Np(1¥ )] 
M. Cerora, J. J. Draney, C. F. Fernars and B. R. Micciout, NYO-723 (1952) [Ni] 
*’ D. L. Hetsic and T. E. Hicks UCRL-1664 (1952). [Pu(VI), Pu(lity 
W. M. Larrimer, BC-42 (1947) [Pu(1V)] 
D. L. Hetsic and T. E. Hicks, UCRI 1169 (1952). [Pu(IV), 
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Taste 2.—Errect OTHER SOLVENTS 


Solvent 


Toluene 

Xyle ne 

Xy lene 

Xyle ne 

Xylene 

s-butyl benzene 


benzene 


Fic. 2 Per cent extraction vs pH-—pH,,, for integral values of t parameter x 


substitute pH, for pH,, in the abscissa of I ig. 2. For elements not listed in Table 2 
with the solvent of interest this procedure must be used with caution because of the 
variation of the solvent effect from element to element as shown in the data for xylene 
and methyl isobutyl ketone. 


Although TTA extracts about as well in carbon tetrachloride as in benzene. it is 


| pH pH a lement Reference 
0-2 | Am Vh ee 
0-2 | «7 
0-4 | Pu(l\ “<2 
1-3 7: 69 
| Pu(l\ 45 
o-dich benzene 03 Hf, Z 34 
Carbon tetrachloride 00 Pu(l\ Si. 52 
Carbon tetrachloride 0-1 70 
Tetrachloroethylene 0-1 Pui(l\ | 
Methyl isobutyl! ketone 0-6 71 
Methyl isobutyl ketone 0-3 7! 
Methyl isobutyl! ketone 0-1 | Ti 70 
Methyl! isobutyl ketone 0-7 
OSM TTA 
‘ M RE Anailvt. Chen 29. 14] 195 Np 1\ 
M. O. Futpa, DP-165 (1956). 
6 F. L. Moore and J. E. Hupcens, Analyt. Chem. 29, | ORN 3). 
F. L. Moore, Ana Chem. 28. 99 
G. Go rein, O. Mi und D. L. 
mas, H. W. T. E. Hicks, B. KLX.a4 
| 
4 
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not quite as effective in most of the other solvents. An important exception is the 
extraction of U(VI) by TTA in methyl isobutyl ketone, where the solubility of the 
uranyl chelate is fifty times greater than in benzene.) It seems to be a general rule 
that oxygenated solvents markedly enhance the extraction of oxygenated cations.‘7?) 
As further examples, it seems that some of the elements of the first transition series 


TABLE 3.—FORMATION CONSTANTS FOR AQUEOUS TTA COMPLEXES 


Element log K,'” Medium Reference 


AK IID 0-1 M HNO, 


Cu(lD 0-61 0-02 M HNO, 7 
Fe(LI1) 0-68 0-1 M HCIO, 79, 80 
0-40 0-1-0:2 M HNO, 78 
2-60 IM NaClo, 81 
Li(]) 5-94 dil. acid 81 
Mg(I1) 401 2:25 M HNO, 78 
Pu(lV) 2:78 80 
1:8 u 0-2 80 
1-90 0-5 M HNO, 79 
Sc(IIL) 0-00 0-02 M HNO, 78 
Thilyv) 1-9 0 80 
1-2 u 0-1 80 
1-18 0-5 M HCIO, 79 
0-81 7 2 64, 56 
1-0 0-1 80 
1-23 0-5 M HCI 79 
U(VD 0-24 u =O 18 
0-82 dil. acid 16 
Zn(il) 3-28 2:25 M HNO, 78 
Zr(lV) 3-03 4M HCIO, 60 


” See equation (11). For U(VI), M** stands for UO,**. All data at 25°C. 


extract better with methyl isobutyl ketone as a solvent,’ and it has been reported 
that it is a better solvent than benzene for extracting gross fission products with TTA.(™ 
Data have been obtained also for the extraction of La and Al’ with methyl 
isobutyl ketone as a solvent. 

Activity coefficients of TTA in solvents other than benzene are poorly known. 
For carbon tetrachloride CUNINGHAME and Mites‘) give the quantity fy, four 
which should approximate f},;*. For pentaether fy; is given by CRANDALL and 


D. L. Hetsic and H. W. Cranpatt, UCRL-764 (1950). [U(VI), G] 

‘7) G. Hicoins and G. Ippincs Univ. of Calif. (Livermore). Private communication (1959). [G] 

**) T. Kipa and S. Mizukami, Bull. Chem. Soc. Japan 31, 1007 (1958). [G] 

*®) O. Menis, T. C. Rains and J. A. Dean, Analyt. Chem. 31, 187 (1959). [La] 

76) H. C. EsHetman, J. A. Dean, O. Menis and J. C. Rains, Analyt. Chem. 31, 183 (1959). [Al] 

H. W. CrRanDALL and D. L. Heisic, UCRL-778 (1950). [G] 

**) R. W. Tart Jr. and E. H. Cook, J. Amer. Chem. Soc. 81, 46 (1959); NYO-6587. [G] 

7*) E. L. Zeproski, BC-63 (1947). [G} 

*® A. E. MARTELL and M. Carvin, Chemistry of the Metal Chelate Compounds. Prentice-Hall, New York 
(1952). [G] 

K. L. Mattern, UCRL-1407 (1951). [G] 
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AQUEOUS-PHASE COMPLEX FORMATION 

Several workers have studied the formation of the first metal TTA complex in 
aqueous solution. The values of the concentration formation constants 

(M**\(HT) 

are given in Table 3. By matching these first aqueous complex constants with the 
appropriate overall extraction constants (K) from Table | it is possible to show that 
a rough relationship of the following form exists: 


(11) 


(1 z) log K = (I'l 4 0-1) log K, (0-6 + 0-3). 


This is the evidence for the statement made earlier that the aqueous TTA complexes 
do not seriously affect the apparent value of z in the region about pHs». However, 
100 -— 


} 


EXTRACTION 


PERCENT 


4 6 8 10 12 3 
HNO, CONCENTRATION 


Fic. 3.—Extraction of Fe(III) and carrier-free Nb(V) from concentrated nitric acid. 
See references (4) and (82). 
it should be noted that if one were to extrapolate to very large values of the extraction 
coefficient at high TTA concentration and high pH, then the values of both z and x 
would be reduced somewhat because of formation of aqueous TTA complexes. 


ANOMALIES 
An important anomaly is the work of Moore on the extraction of Fe(III)‘*-52) 
and carrier-free Nb(V)*” from strong nitric acid solutions with an equal volume of 
0:5 M TTA in xylene. The extraction curves, which are shown in Fig. 3, indicate an 


F. L. Moore, W. D. Farman, J. G. GANcnorr and J. G. Surak, Analyt. Chem. 31, 1148 (1959). 
Nb] 
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increase in extraction with increase in acidity. This interesting and useful phenomenon 
is not explained and would seem to warrant further investigation 

Vanadium (IV) has an unusual extraction curve which passes through a maximum 
ata pH of about four for 0:25 M TTA in benzene.‘ 

[here are some cases where the apparent value of z appears less than what one 
would predict from the oxidation state of the ion. If one is using an oxygenated 
organic solvent in which one expects to find some metal salt extraction even in the 
absence of TTA, then, of course, the average number of TTA molecules per metal 
atom in the organic phase will be less than the valence of the metal ion.'™*’ It has been 
shown that s-butylbenzene extracts mixed TTA-nitrate metal complexes.“ Even 
for benzene it has been claimed that at high chloride concentrations for Zr and Hf 
some mixed TTA-chloride complexes are extracted.**”) ScHerrr and HERRMAN 
have presented some unusual data for the extraction of Zr from strong HCI with TTA 
with both benzene and xylene as solvents. Their extraction curves exhibit minima 
and in some cases show better extraction at a lower TTA concentration than at a 
higher concentration. 

In general, temperature coefficients of TTA extractions are not as large as that 
measured for Pa(V) below. 

The extraction of Fe(II1) from dilute acid solutions is unusually slow (see refer- 
ences 24, 39 and below). However, the data of Fig. 3 were obtained under conditions 
where the equilibration time was only 5 min“**) and in reference (48) sufficient 
extraction was obtained in 10 min. 

Beryllium is unusual in that its extraction is not only slow but also apparently 


irreversible. ‘** 


EXPERIMENTAL TECHNIQUES 


TTA extractions are generally considered slower than other types of solvent extractions. Many 


authors state that a half-hour of mechanical shaking or stirring is required to ensure equilibrium when 


extracting metals into the organic phase and that the back-extraction generally requires only a few 


minutes of mixing. However, the rate of approach to equilibrium depends on the degree of contact 
between the phases Wrist-action hand shaking is usu y faster than mechanical shaking. When 
only a few millilitres of solution are involved, a useful met d is repeated rapid withdrawal of the two 
phases from a centrifuge cone transier pipette { wed by re-inject with a rhytl sO as to 


roduce an emulsion. Pre-equilibrating the TTA solution with dilute acid may speed up the extraction 


in some cases 


When the TTA extraction is the final step in the preparation of a carrier-free sample for counting, 
less solid material is obtained on the san ple plate after t f the or p € pol ed 
directly* than if the activity is first back-extracted into an aqueous solution. This is important when 
a-particle emitters are to be counted By a combination of this techni jue with that described the 
receding paragraph for small volumes of solution, nuclides with half-lives as short as one minut 


have been determined 


NEW EXPERIMENTAL DATA 


In order to provide data on the extraction of additional elements, extraction 
coefficients were measured for protactinium (V) and iron (III) from hydrochloric acid 
* When organic solutions with k Suriace tension are evaporated, it advantageous tO use an appa 


atus which keeps the edge of the sample plate hotter than the centre 


8) R. Fuxar and W. W. Mein«ke, Progress Report No. 7, Dept. of Chem., Univ. of Mich., p. 63 (1958) 
[V(IV)] 

*4) H. L. Scuerrr and G. Herrman, J. Inorg. Nucl. Chem. 11, 247 (1959). [Z: 

*S) B. D. Pare, Washington University, St. Louis. Private communication (1959). [G] 

(8) F. L. Moore, Analyt. Chem. 27, 70 (1955). [Pa(V)] 
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solutions. In addition, some qualitative data were obtained for magnesium and 
lithium. 

TTA obtained from Peninsular Chem Research, Inc. was placed for a few hours ina 
vacuum desiccator. Besides drying the material, this treatment caused the TTA to 
appear less yellow, and reduced its odour considerably. This TTA was used without 
further purification to prepare a 0-200 M solution in thiophene-free benzene. 

Protactinium-233 tracer was produced by the thermal neutron irradiation of 
Th(NO,),. After the Th produced had decayed to “Pa, the irradiated material 


— 


20°C 


Q2M TTA IN BENZENE 


SLOPE=2/7 
it pH... 
120° -073 


TRACER INITIALLY N 
ORGANIC PHASE 


*4 The extraction of Pa(V) as a function of hydro 


Fic chlo acid concentration 


was dissolved in 6 M HCI and the protactinium was purified by extraction into 
diisopropyl ketone and back-extraction into 1M HCl. The resulting solution was 
washed with benzene to remove ‘traces of diisopropyl ketone evaporated almost to 
dryness in a polyethylene centrifuge cone, and diluted with 12M HCl. Th 
was obtained from the Oak Ridge National Laboratory. 

Ten millilitres of each phase was equilibrated in a long, thin glass-stoppered tube. 
The y-ray activity of the two phases was determined as a function of time of equili- 
bration without sampling by placing the tubes in a hole through a 3 in. Nal(Tl) 
scintillation counter.* The extraction coefficients for protactinium were found to 
depend strongly on temperature. For this reason, the equilibrations were carried out 
in constant temperature baths at 20° and 30 C. In some experiments, the activity 
was placed initially in the organic phase. The results of the protactinium experiments 
are shown in Fig. 4. The data at 9 M and 12 M HC! had to be corrected for the 
extraction of protactinium chloride into benzene: The data for this correction were 


e °*Fe tracer 


* This apparatus was designed by Dr. R. W. Dopson of this laboratory, 
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obtained by performing some equilibrations in which the organic phase was pure 
benzene. The results are shown in Table 4. 

The extraction of iron (III) was found to be rather slow, requiring around 12 hr 
of shaking at room temperature to reach equilibrium. It was found necessary to 


TABLE 4.—EFFECT OF THE EXTRACTION OF Pa(V) INTO BENZENE 


30 20 


E corr E corr 
9N HCl 02NTTA 0-169 0-136 0-319 0-278 
0-178* 0-145 
No TTA 0-033 0-041* 


12 N HCl 02NTTA 0-198 0-369 
0-247* 
No TTA 0-16 0-20 


Tracer initially in organic phase. 


+ Estimated. 


make the aqueous phases 0-001 to 0-01 M in sodium dichromate to prevent the 
reduction of iron (III) to iron (II). The results are given in Table 1. 

It was not possible to measure any extraction coefficients for magnesium with 
the tracer} used because of precipitation of the magnesium chelate. The solubility 


of this compound in benzene is apparently less than 10 4M. This is surprising in view 16 
of the appreciable solubility of the calcium chelate.” No extraction was found for 1960/61 


lithium at a pH of 7-5. 


* 2®Mg obtained from the Hot Laboratory of the Brookhaven National Laboratory 


| 
| 
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DINONYL NAPHTHALENE SULPHONIC ACID AND TRI- 
n-OCTYLAMINE AS LIQUID ION-EXCHANGERS FOR 
THE STUDY OF Fe(IIl) AND COMPLEXES* 


J. M. Wuirte, P. and N. C. Li 


Duquesne University, Pittsburgh 19. Pa 
(Received 13 June 1960; in revised form 28 June 1960) 


Abstract—The stability constant of the 1:1 Fe(IIf)-chloride complex at ionic strengths varying 

0-20 to 1-00 is independent of whether H* or Na* is the cation of the perchlorate ion. The specific 
ion effect on the stability of the FeCl’* complex found by Cot et al., above 5 M, therefore is absent 
at these lower ionic strengths. For In(LI1]), substitution of Na* for H* as cation of the perchlorate 


ion decreases the log K, of InCl** by about 0-3 at ionic strengths of e and two. The presence of the 
specific ion effect on the In—Cl system at ionic Strengths one and two a the apsence of the effect on 
Fe-—Cl system is not surprising since In(II1) forms much more stable complexes with Cl- than Fe(III). 
No extraction of the Fe(III) and In(II1) by the anionic exchanger, tr <tylamine hydrochloride, in 
perchloric acid solutions, less than 2 M, has occurred. This indicates that perchlorate ion does not 
form negatively charged complex with Fe(IIl) or In(III) in the organic phase. The distribution 
coefficients of Fe(III) and In(IIl) are directly second power dependent upon the tri-n-octylamine 
hydrochloride concentration in the benzene phase, suggesting that the negatively-charged complexes 
FeCl,*~ and InCl,*~ complexes are formed in the organic phase 


Cott et al. using a spectrophotometric method, determined the stability constant 
of the I : 1 Fe(II)-chloride complex in perchloric acid solutions. They found that 
the substitution of sodium perchlorate for part of the perchloric acid at a given total 
perchlorate concentration, above 5 M, decreases the complex stability constant. 
This constitutes the specific ion effect on the stability of the FeCFP complex. It was 


of interest to determine whether specific ion effect was operative at lower ionic 


strengths for Fe(I11)-chloride complex, and whether there is a specific ion effect on 


the stability of the In(II1)-chloride complex. 

Dinonyl naphthalene sulphonic acid, HD, and tri-n-octylamine, TOA, have been 
shown by Boyp and LiINDENBAUM™’, to be strongly acidic and weakly basic anionic 
exchangers, respectively, and are analogs of resinous type exchangers. These liquid 
ion-exchangers offer several advantages over resinous ion-exchangers : they can be 
used for studies of equilibria in concentrated electrolyte solutions without Donnan 
penetration of the exchanger phase, the measurements of physical properties and 
analysis of the exchanger are more rapidly and conveniently performed than with 
the resinous exchangers. In this investigation dinonyl naphthalene sulphonic acid 
was used to obtain the stability constants of the | : | Fe(III) and In(II])-chloride 
complexes and the tri-n-octylamine was used to detect the nature of the negatively- 
charged complexes of Fe(III) and In(III). 

* This investigation was supported by the U.S. Atomic Energy mmussion through Contract No. 
AT(30-1)-1922 

RR. Cott, R. NAUMAN and P. West, J. Amer. Chem. Soc. 81, 1284 (19 


G. Bovp and S. Linpensaum,. Abstracts of Papers presented at th 4th Meet ng of the American 
Chemical Society, p. 18-I Chicago (1958) 
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EXPERIMENTAL 


Material. High activity **Fe and "In were obtained from Oak Ridge National Laboratory in the 
form of ferric and indium chloride. respectively, each in hydrochloric acid solution Dinonyl naph- 
thalene sulphonic acid was the same as that used by Wuirre et al.” Tri-n-octylamine was obtained 
from Eastman Organic Chemicals Co. An acid equivalence determination showed the sample to be 
99 per cent pure. In order to transform the tertiary amine to its hydrochloric or perchlorate salt, a 
solution of it in benzene was equilibrated with an equal volume of 1 M hydrochloric or perchloric 
acid. The amine was light yellow in colour; its hydrochloride and perchlorate salts were light yellow 
and slightly pink, respectively, in benzene. Other chemicals were of reagent grade 

Procedure. In the liquid ion-exchange experiments the aqueous phase normally was prepared to 
contain metal ion (radioisot pe) in concentration of the order of 10-7 M and varying concentrations 
of hydrochloric and/or perchloric acid. The benzene phase contained varying amounts of tri-n- 
octylamine hydrochloride as the liquid anion exchanger or dinony! naphthalene sulfonic acid as the 


liquid cadion-exchanger. The organic phase was always pre-equilibrated with an equal volume of the 


aqueous solution to be used, without the radioisotope 


Equal volumes of the aqueous and organic phases were mixed in glass-stoppered volumetric 
flasks, shaken at 25 0-5 overnight and allowed to settle for Ihr Aliquots of both phases were 


removed, and the activity of the metal ion in each phase was measured with a y-ray scintillation well 
counter. The precision attained was generally better than 2 per cent. The distribution coefficient is 
defined by the equation 


total M(III) concen. in organic phase 


total M(IIL) concn. in aqueous phase (1) 


TABLE 1.—LIQUID CATION EXCHANGE EXPERIMENT WITH Fe(III) at 
(HD) 0-147 F, ToraL acw at 100M 


HC! 


0-00 
0:20 0-80 1-60 
0-40 


RESULTS AND DISCUSSION 


(A) Liquid cation-exchange experiments with Fe(111) and In(I11)—chlor ide complexes. 
In each experiment the total hydrogen ion concentration was kept constant while the 
ratio of hydrochloric acid to perchloric acid varied. A typical experiment with Fe(III) 
at a total hydrogen ion concentration of 1-00 M is summarized in lable 1, and a plot 
of 1/K, vs. (Cl-) given in Fig. 1. 

If we assume no complexation between M** and ClO,~, the K, in the absence of 
hydrochloric acid may be taken to be equal to K,°, and the method of Wurte et ai.) 
used to calculate the stability constant K, for the reaction M** + C] MCF. 

The stability constants obtained for Fe(III) and In(I11)}-chloride with the use of 
dinonyl naphthalene sulphonic acid are summarized in Table 2, which also includes 
values taken from the literature for comparison. 

From Table 2, it is obvious that the stability constant of FeCl** complex at ionic 
strengths varying from 0-20 to 1-00 is independent of whether H* or Na+ is the cation 
of the perchlorate ion. The specific ion effect on the stability of the FeCl*+ complex 


J. Wurre, P. Tano and N. C. Li, J. Inorg. Nucl. Chem. 14, 255 (1960). 
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for in HCI-HCIO, mixtures. Total hydrogen concentration, 


1M. 


TABLE 2.—-STABILITY CONSTANTS OF Fe(III) AND COMPLEXES, 25 


Total ioni 
Method Maintained by log K, Ref 


strength 


(a) chloride complex 


Lig. cation exchange 0-20 HCl, HCIO, 0-78 ; 
Spectrophotometric 0-20 HCl, NaClo, 0-77 4 


Lig. cation exchange 0-30 HCl, HCIO, 071 ' 
Spectrophotometric 0-30 HCl, NaClo, 0-70 4 


Lig. cation exchange 1-00 HCl, HCIO, 0-66 
Spectrophotometric 1-00 HCl, NaClo, 0-62 4 


(b) In(I11)-chloride complex * 


Lig. cation exchange 1-00 HCl, HCIO, 2:52 : 
Resinous ior exchange 1-00 NaClo, 2-18 (20°) 5 
Solvent extraction 1-00 NaClo, 2:20 (20°) 6 


Liq. cation exchange 2-00 HCl, HCIO, 2-51 
Electromotive force 2:00 NaClo, 2-15 (20°) 


* This investigation 
Concn. range of 0-0-09 M 
E. Rasinowircn and W. Stocxmayer, J. Amer. Chem. Soc. 64, 335 (1942), 
N. SUNDEN, Svensk Kem. Tidskr. 66, 173 (1954) 
*) N. SUNDEN, Svensk Kem. Tidskr.‘4 66, 345 (1954); " 66, 20 (1954). 
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found by Cott et al.” above 5 M, therefore, is absent at these lower ionic strengths. 

For In(II1)-chloride complex, however, the substitution of Nat for H* as cation 
of the perchlorate ion decreases the log K, by about 0-3 at ionic strengths of one and 
two. Since In(IIl)-chloride complex is much more stable than Fe(III)-chloride 
complex, it is not surprising to find that the specific ion effect begins to be noticeable 
at a much lower ionic strength for In(II]) than for Fe(III). 

Cozzi and VIVARELLI”’, using a polarographic method in a 2 M sodium perchlorate 
medium, obtained log K, = 4:30 for the InCl?* complex. However, the limiting 
polarographic current obtained was partly of a kinetic nature and the polarographic 
electrode reaction therefore is not strictly reversible. For this reason. the polaro- 
graphic stability constant value is probably too high and is not included in Table 2. 

(B) Liquid anion-exchange experiments with Fe(111) and In(111)—chloride complexes. 
The purpose of this series of experiments was to determine the existence of negatively- 
complexes of Fe(III) and In(III) with chloride in either the aqueous or organic phase. 

The equilibration of tri-n-octylamine in benzene with aqueous hydrochloric acid 
or perchloric acid and back titration of the organic phase with standard sodium 
hydroxide showed that no significant amount of the extractant was scrubbed out into 
the aqueous phase and that one equivalent of TOA combines with one equivalent 
of hydrochloric or perchloric acid, so that the species R, NHC! or R,NHCIO, is 
formed in benzene. This is in contrast to the behaviour of nitric acid noted by 
CARSWELL and Lawernce) who reported that more than one equivalent of nitric 
acid will associate with one equivalent of the TOA in the organic phase, and that the 
concentration of nitric acid dissolved in the amine-—nitrate compound is a linear 
function of both nitric acid and amine-nitrate concentrations in the aqueous and 
organic phases, respectively. 

The simplest generalized equation for the extraction of ferric or indium chloride 
can be written as follows 


n Rs;NHCI = (R;NH),MCI,,, (2) 


where the subscript a denotes the aqueous phase and no subscript denotes the organic 
phase. The corresponding mass law expression, in terms of concentrations rather 
than activities, is: 


K = ((R;NH),,MCl,,,.)/(M**),(Cl-),(R,NHCI)" (3) 


Among the simplifying assumptions made are that the amine hydrochloride exists 
as a monomeric species,* that a single extracted species of complex is formed, and 
that the activity coefficients of the various species are essentially unchanged. 


* This is by analogy with the thought of Kener et al.‘* that the species formed upon equilibration of 
an amine solution with nitric acid is Octyl, NH NO,~. Although CoLeman et al.'*©) postulate that the amine 
salts associate into aggregates, they themselves state that direct evaluation of the average molecular weights 
by light scattering and by isopiestic osmotic balancing shows that not all of the amine salts concerned are 
aggregated. Moreover, CoLEMAN’s hypothesis of the polymeric nature of the amine salts was based on the 
finding that the uranium extraction coefficients vary with approximately the first power of the extractant 
concentration, which is not the case for the ferric and indium distribution coefficients investigated in the 
present study. 
 D. Cozzi and S. VivareLu, Z. Elektrochem 57, 408 (1953); Chem. Abstr. 48, 1870¢ (1954); J. J. 

Byerrum, G. SCHWARZENBACH and L. G. SILLEN, Stability Constants, Special Publication No. 6, Part 1: 

Organic Ligands. The Chemical Society, London (1957). 

(88) D. CaRsweLt and J. Lawrence, J Inorg. Nucl. Chem. 11, 69 (1959); > W. E. Keper, J. C. SHEPPARD 

and A. S. Witson, Jbid. 12, 327 (1960): © C. F. COLEMAN, K. B. Brown, J. G. Moore, and D: J. 

Crouse, Industr. Engng. Chem. 50, 1756 (1958). 
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In view of equation (1), the distribution coefficient is given by the equation 


((R;NH), 


K (4) 
(M**) (MC]I**) (MCI,*) 
By introducing the term K (MCI1,)/(MCI,_,(CI>), equation (4) may be written 
((R,NH), MCI, 
(5) 
+ K,(Cl-) + K,K(Ch)? +...) 
Equation (3) therefore may be rearranged to give 
K 
K : (6) 
| K, (Cl-) (Cl)? 
According to equation (6), at constant concentration of chloride ion, n can be 
determined from a plot of log K. vs. log (R sNHCI). 
4 
A 
J , 
Jf 
4 
Fic. 2 Dependency, tr tyla hydrochloride concentration on the extraction of 
Fe(Iil) and | from chloride media 
Curve Fe(IIl) in 0-971 M HK slop 1-94 
Curve 2: Fe(III) in the medium 0-241 M HCl, 0-60 M NaCl, slope 8. 
Curve 3: In(IID in 1-319 M HCl, slope 1-87 


A test of the dependency of the extraction of Fe(III) and In(II1) on the concentra- 
tion of R,NHCI was made by varying the amine concentration at constant total 
chloride ion concentration. The results are summarized in Fig. 2. The value of n is 
determined to be two, so that the negatively charged FeCl,?~ and InCl;*~ complexes 


are formed in the organic phase 
Direct evidence for the nature of the highest complex formed is not easy to obtain. 
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By combining solvent extraction and absorption spectra, NACHTRIEB and Conway'® 
Stated that the ferric-chloro complex extracted from solutions containing above 8 M 
HCl into isopropyl ether, may possibly be interpreted as evidence for the formation 
of higher complexes of formula H,FeCl,, H,FeCl,, etc., or as a salting-in effect 
caused by FeCl,. This investigation however, is the first to give positive evidence 
that the negatively charged FeCl,?~ and InCl,? complexes are formed in the organic 
phase, in the form (R,NH),MCI.. 

Table 3 lists the results obtained in the extraction of Fe(III) and In(III) by 0:10 M 
tri-n-actylamine hydrochloride at varying hydrochloric acid concentrations. 


TABLE 3.—EXTRACTION OF M(III) By 0:10 M TRI-N-OCTYLAMINE HYDROCHLORIDE 
(a) (b) 
HC! (M) K, cak HC! (M) Ky K,, calc 
| 

0-245 0-25 0-24 0-331 0-24 0-33 
0-344 0-51 0-54 0-428 0-32 0-44 
0-443 0-93 0-99 0-466 0-35 0-48 
0-540 1-58 1:57 0-526 0-43 0-54 
0-640 2°52 231 0-624 0-51 0-64 
0-738 3-6] 3-17 0-721 0-65 0-75 
0-737 0-63 0-76 

0-819 0-78 O-s5 

1-008 0-96 1-05 

‘ 1-279 1-40 1-35 


For Fe(111)—-chloride complex, since Fig. 1 shows that a plot of 1/A, vs. (CI-) is 
linear, the value of K, is negligible so that the third term in the denominator of 
equation (6) may be dropped. A plot of K, vs. (R,NHCI)*, at constant chloride ion 
concentration, would be linear with zero inte rcept and K may be calculated from the 
equation 


K (Clip (R.NHCI) 
1 + (C]-) 


From the data of Fig. 2, curve | (extraction of Fe(III) at constant concentration of 
0-971 M HCl), and taking K, = 4-6 from Table 2, the value of K has been calculated 
to be 3200. 

The In(1Il) chloride complex is very much more stable than the Fe(III) chloride 
complex, and linear plots of 1/XK, vs. (Cl-) were obtained only in chloride concentration 
range up to 0:09 M, when the liquid cation exchanger, dinony)| naphthalene sulphonic 
acid, was used. In the liquid anion-exchange experiments however, hydrochloric acid 
concentration up to 1-3 M was used, so that the presence of InCl, complex has to be 
considered, and therefore all three terms in the denominator of equation (6) have to 
be used. In 1 M sodium perchlorate medium, SUNDEN“ has found for In—Cl system 


log K, = 2:20, log K, = 1-36. Since our value of log K,, 2°52, is higher by 0-32 than 
SUNDEN’S value the difference being ascribed to the specific 10n effect, we may ascribe 
the same magnitude of the specific ion effect to K,, and assume log K, = 1-68. 
'?) N. H. Nacurries and J. G. ¢ INWAY, J. Amer. Chem. Soc. 70, 3547 (1948), 
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of 1-319 M HCl), we have obtained a linear plot of K. vs. (R,NHCI)*. The slope 
P 
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Equation (6) thus becomes 
K (Cl-’ (R,NHC!) 


1 + 107%? (Cl-) + 10% 52 101 


(8) 


From the data of Fig. 2, curve 3 (extraction of In(III) from a constant concentration 


of the straight line is 139, from which K is calculated to be 1-69 10°. The stability 
of the InCl,;*~ complex in the organic phase (equations 2 and 3) is therefore very 


uch greater than the FeCl,*~ complex in the organic phase. 
From equations (7) and (8), it is obvious that for Fe(III). K, at constant concentra- 


n of Rs, NHCI, would be between second and third power dependent on the chloride 


Dependency, chloride concentration on the extraction of and 
in HC! only; R,.NHCI, 0-109 M 
Fe(II) in HCl-NaC! mixtures (HCI constant at 0-241 M); TOA HCl, 0-109 M 
in(Iil) in HCl only; R,NHCI, 0-104 M 

Curve 4: In(I1]) in HCl-NaCl mixtures (HCI constant at 0-241 M); TOA HCl, 0-100 M. 


ncentration, while for In(II1), the corresponding dependence would be between 
nd power. These conclusions have been confirmed from plots of log K, 
: (Cl~) given in Fig. 3, curves | and 3. The Slopes of curves | and 3 are 2-54 and 

for and respectively, 
in columns 3 and 6 of Table 3 are listed the values of K.. calcd. for Fe(II) and 
Ill), respectively. These were calculated by means of equations (7) and (8). with 
3200 for Fe(IIl) and K = 1-69 « 10° for In(III). The agreement between the 
ed and calculated K, shows that the generalized equation for the extraction 
and (equation 2), and its underlying assumptions are essentially 
rig. 2, curve 2 and Fig. 3, curves 2 and 4 show the results obtained on the extraction 
and from HCl-~NaCl mixtures. The distribution coefficients from 


uch mixtures are always lower than from HCI of the same total chloride ion concentra- 
tion. Since the activity coefficients in HCl-NaCl mixtures are known to deviate from 
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those in pure HCI solutions,“” and since the stability constants of the ferric and 
indium-chloride complexes are not known in HCl-NaCl mixtures, no attempt at 
quantitative evaluation of data in HCl-NaCl mixtures can be made at this time 

With perchloric acid as the aqueous medium, up to 2 M, and no chloride present, 
all of the °*Fe or “*In activity remained in the aqueous phase. Since there is no 
extraction into the organic phase, we may conclude that the perchlorate ion does not 
form a negatively charged complex with Fe(III) or In(III) in the organic phase. 


1°) R. A. Rospinson and R. H. Sroxes, Electrolyte Solutions p. 422. London (1955). 
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ION EXCHANGE IN MIXED SOLVENTS—IV 


THE DISTRIBUTION OF THORIUM BETWEEN ALCOHOL-NITRIC ACID 
SOLUTIONS AND THE STRONGLY-BASIC ANION EXCHANGER 
DOWEX-1. SEPARATION OF THORIUM FROM URANIUM 


F. Tera, J. Korkiscu and F. Hecnt 


Analytical Institute of the l niversity of Vienna, Austria 
(Received 18 May 1960) 


Abstract—The present work was carried out in order to develop a rapid and accurate means of 
separating thorium and uranium. Experiments have shown that the idsorption of thorium as a 
negatively-charged nitrate complex on strongly-basic anion exchangers from solutions containing 
aliphatic alcohols and nitric acid is very high compared with its adsorption from pure nitric acid 
solutions devoid of any organic solvent. After determining the distribution coefficients of thorium 
and uranium in nitric acid solutions containing aliphatic alcohols it was possible to develop a method 
for the separation of thorium from uranium by means of anion exchange 


IN continuation of the work of ANTAL ef al.” on the distribution of thorium, zirconium 
and titanium between mineral acid-alcohol solutions and the strongly-basic anion 
exchanger Dowex-1, we have determined the adsorption of thorium from nitric acid 
solutions containing aliphatic alcohols, viz. methanol, ethanol, propanol, butanol etc. 

Since uranium is only very weakly adsorbed under conditions where thorium shows 
a very high distribution coefficient, the separation of these two elements by means of a 
column operation using Dowex-! can easily be carried out. In addition, the resin 
shows a very high affinity for thorium, so that the quantitative separation of both 
microgram and milligram quantities of thorium from much larger amounts of uranium 
becomes possible. 

In earlier papers'*® we have reported the distribution of uranium between mineral 
acid—alcohol solutions and Dowex-1, as well as the adsorption of thorium tetrachloride 
on Amberlite IRA-400 and Dowex-1. In these papers the probable reasonis for the 
stronger adsorption of many elements from their mineral acid—alcohol solutions on 
strongly-basic anion exchangers compared with their behaviour in solutions of pure 
mineral acids were mentioned. The alcohols seem also to exert a complexing effect 
on thorium, the magnitude of which decreases with increasing chain length of the 
alcohol molecule. 

The use of alcoholic solvents containing hydrochloric or nitric acid has already 
found practical analytical application for the determination of uranium“ and 
thorium in minerals and rocks. 


EXPERIMENTAL 
Solutions and reagents 
Air-dried Dowex 1-X 8 (100-200 mesh nitrate form) was used. The aliphatic alcohols 
(methanol, ethanol, n-propanol, n-butanol and a mixture of the amyl alcohols) were reagent grade 
P. Anta, J. Korxiscn and F. Hecur, J. Inorg. Nucl. Chem. 14, 247 (1960) 
®) J. Korxiscn, P. ANTAL and F. Hecurt, J. Inorg. Nucl. Chem. 14, 253 (1960) 
‘®) J. Korxiscn and F. Tera, J. Inorg. Nucl. Chem. 15, 177 (1960) 


‘*) J. Korxiscn, P. ANTAL and F. Hecurt, Z. Anal. Chem. 172, 401 (1960). 
‘*) J. Korxiscn and P. AnTAL, Z. Anal. Chem. 171, 22 (1959) 
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solvents. The standard solutions of thorium and uranium contained the reagent grade nitrates of these 
elements dissolved in 5 N nitric acid. Thorium was determined quantitatively with thoronal (0-1°, 
aqueous solution),“’ using a Beckman model B spectrophotometer. The absorbance measurements 
were carried out in 1 cm cells at 545 my using a blue-sensitive photo-cell 

The column operations were carried out in columns of the same type and dimensions as those 


described earlier 


Quantitative determination of thorium and uranium 
The method used for the quantitative determination of thorium is exactly the same as that de- 


scribed in an earlier paper 
Uranium determinations in the effluents or in the filtrates after removing the resin were carried 


out in the following manner 

An aliquot was transferred to a quartz dish, and the solution was evaporated to dryness on a 
water bath. The residue was then ignited to remove organic matter. After cooling to room tempera- 
ture about 10 ml of 4—6 N hydrochloric acid were added and the solution was evaporated to dryness 
once more. The residue was then taken up in 10 ml 0-01 N nitric acid and the uranium was deter- 


mined polarographically utilizing the catalytic nitrate wave."*’ 


Determination of distribution coefficients 


Distribution coefficient K, were always determined in a volume of 25 ml. For mixtures containing 
1 ml of thorium or uranium standard solution (5,000 ug Th or 250 ug U dissolved 


99 per cent alcohol, 
in 5 N nitric acid) was evaporated in a conical flask to complete dryness The residue was then dis 


solved in 0-25 ml 5 N nitric acid and 24-75 ml of the alcohol was added. Similarly | ml of the standard 
solution and 24 ml alcohol gave a mixture which contained 96 per cent alc hol. All other solutions 
con ig different percentages of ilcohol were prepared in a similar manner. In the case of amyl 
alcohol two definite layers were formed at less than 80 per cent alcohol so that in this case distribution 
coefficients were only recorded at higher alcoh« | concentrations (see Fig. 1) 

After preparing the solutions, | g of resin was ad led to each solution, and the stoppered flasks 


were shaken thoroughly on a shaking machine for 24 hr. The resin was then filtered off, and the 
thorium or uranium was determined in the filtrate as described above 


The results shown in Figs. 1-3 have been obtained using the procedure described above 


Column operations (separation of thorium from uranium) 


After pretreating the re bed with 50 ml 90 per cent methanol-mixture (S$ ml 5 N nitric acid 
45 methanol) the sorption ition (90 ml ethanol and 10 ml 5N nitric id) containing the 
thorium and uran was passed thr rh the column at a flow-rate not exceeding SO ml/hr he 
ur tavs the th i s adsorbed on the resin. The imn was then washed 
at the same flow-rate with 250 ml of 90 per cent methanol-acid solution to remove the last traces of 
urar from the \ wards, the thorium was eluted with 100ml 1N nitric acid All 
separat s .* thorium fron ranium were cor pletely quantitative (Table 1), due to the fact, that 
the distribution coefficient for thorium in this medium is 12,475 whereas that for uranium is only 
about 34. In one experiment uranium (500 mg) was passed through the column in the absence of 
thorium and the operation was performed in the manner de ribed above. A uranium determination 
on the eluate showed that less tl 1 wg U has been adsorbed by the resin, i.e. the separation of 


RESI 


Fig. | shows the effect of the alcohol concentration on the distribution coefficient 


LTS 


K,, which is given by the following equation: 


ug thorium/g resin 
ug thorium/ml solution 


®) J. Korxiscn and P. Antat, Z. Anal. Chem. 173, 126 (1960). 


J. Korxiscn, A. Farac and F. Hecut, Mikrochim. Acta (Wien) 415 (1958). 
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The curves show that the adsorption of the thorium nitrate complex on the resin is 
highest in a methanolic and lowest in an amyl alcoholic medium. This effect is reversed 
when hydrochloric acid is used instead of nitric acid, e.g. the adsorption of thorium 
from methanol—HC! solution is very low.’ From Fig. | it is also clear that the 
thorium adsorption from a nitric acid—alcohol solution decreases with increasing length 
of the carbon chain in the alcohols concerned. Secondary alcohols such as iso- 
propyl and sec-butyl alcohol have been found to behave like the corresponding 


x Gus percentoge aicoh 
y K, for 


x y for U 
40 — 
> | 
5 
20} + + > 
> 
x | 
x 20 40 60 80 100 
Aicohol, % Alcorn * 
Fic. Fic 


normal alcohols. In 99 per cent solution K, for n-propyl alcohol and n-butyl alcohol 
1S only 25 and 10 respectively 

Since thorium shows the highest distribution coefficient in methanol solutions, 
values of K, for uranium were measured in this medium only (Fig. 2). This curve 
shows that the distribution coefficient is very low at all alcohol concentrations and 
only attains a value of 34 in 96 per cent methanol. 

The effect of nitric acid concentration on the percentage of adsorbed thorium was 
also investigated in solutions containing 5 mg thorium and 96 per cent methanol. 
rhe results show ed that the acidity of the solution has no influence on the adsorption 
of the negatively-charged thorium nitrate complex. In the range from 0°6 N to 0-005 N 
no hydrolysis occurs, and 4,997 ug thorium out of 5,000 ug are adsorbed on the resin 
in each case. At 0-0025 N acid the thorium nitrate is partly hydrolysed, and the 
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solution becomes turbid; more than 90 per cent of the thorium remains in solution 
on equilibration with the resin. In hydrochloric acid-alcohol solution partial 
hydrolysis takes place at 0-04 N acid.) These results show that the negatively-charged 
chloride complex of thorium is less stable and less strongly adsorbed than the nitrate 
complex. 
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TABLE | 


Thorium used Uranium used Thorium found | Uranium found 
(ug) (mg) (ug) (mg) 


100 

100 

100 4-98 
100 0-994 
100 00994 

10 25 
1000 0-986 


Fig. 3 shows the adsorption isotherm at room temperature in 90 per cent methanol, 
i.e. under the conditions used for the separation of thorium from uranium. This shows 
that up to 200 mg thorium/25 ml solution, practically 100 per cent adsorption takes 
place. The total exchange capacity of the resin in 90 per cent methanol is 3-96 mg 
equiv./g dry resin (nitrate form) 


/ 
| 
| yous* ggTh ‘ig | 
| 
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Separation of thorium from uranium 

Table | records the results of a series of experiments showing that the separation 
of these two elements is completely quantitative, expected from the results shown in 
Figs. | and 2. 


Since small changes in the percentage of methanol and even great changes of 


acidity do not greatly affect the distribution coefficients of thorium and uranium, we 
can completely neglect loss of methanol by evaporation, and even relatively high 
changes in acidity. The flow-rate and the volume of wash solution are also not 
critical, and treatment of the column with twice or three times the volume of wash 
solution does not affect the results. 

Since many other elements behave under these conditions in the same way as 


either thorium or uranium, this work will be extended. 
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RADIOMETRIC AND AMPEROMETRIC TITRATIONS 
OF COPPER WITH t-ANTHRANILIC ACID* 


G. H. AYLWARD, J. L. GARNETT, J. W. Hayest and S. W. Law 
Radiation Laboratory, Departments of Analytical and Physical Chemistry, 
University of New South Wales, Sydney, Australia 


(Rec eived | 3 June 1960) 


Abstract—A method of analysis in which metal ions are titrated radiometrically with tritium-labelled 
organic analytical reagents has been developed, using the copper-anthranilic acid system as an example 
Amperometric titrations were carried out to establish optimum conditions for the precipitation 
titration. Radiometric and amperometric end-points were found to be identical and reproducible 


A technique is suggested for the routine analysis of metal ions, with tritium-labelled organic reagents 


RADIOMETRIC titrations using labelled inorganic ions are now well established. The 
performed by LANGER" 
metal ions with labelled phosphate 


first of these was , who used phosphorus-32 for titrations of 
MOELLER ef al 


methods of radiometric titrations and have employed silver-111 and sulphur-35 for 


have reviewed the general 


the titration of haloge! s and sulphate respectively whilst Dr NCAN and THOMAS ; 
have used dithizone in s extraction titrations of cobalt-60 and other radioactive 
transition metals 
The use of tritiu ibelled anthranilic acid in the radiometric titration of copper 
is reported in this paper he results of preliminary experiments were published in an 
earlier communication 
f 


Owing to the large dilutior tor involved in radiometric titrations of this type, 


it is necessary to work with compounds of relatively high specific activity. This has 


not previously been possible with organic reagents but the recently-developed 
WILZBACH technique’ for the tritiation of organic compounds in a single-stage process 
provides a method of obtaining specinc activities high enough tor use in radiometric 


titrations. 


Since there is a considerable potential for tritium-labelled organic reagents in 


analytical chemistry, the term “I ritiometry” is proposed for this type of radiometric 


titration in accordance with MELLON’s suggestion”? that analytical nomenclature 


should consistently identify procedures by the characteristic property involved. 
Anthranilic acid was chosen because of the ease with which it can be labelled with 

tritium. BROWN and GARNETT have shown"? that the tritiation of a simple aromatic 

compound proceeds more efficiently and produces less decomposition products than 


* Presented, in part, at the 204th Meeting of the University of Sydney Chemical Society, November. 1959 
+ Present address: Physico-chemical Laboratories, Department of Agriculture, University of Sydney, 


Australia 
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that of an aliphatic compound or a complex aromatic compound. Since anthranilic 
acid is not a very satisfactory reagent for the volumetric estimation of copper, the 
method described in this paper is not proposed as a practica 


| analytical procedure but 
is presented as an illustration of a general technique applicable to metal ion analysis. 

lhe amperometric method of detecting the end-point was used in this Investigation 
to establish the optimum conditions for the radiometric titration, and also served to 
standardise the organic reagent 


EXPERIMENTAI 


imperometric titrations. Titrations were performed in a cell of 50 mi capacity similar to that 


designed by HUMAN and Leacn™ The applied voltage was regulated by a conventional polarizing 
unit."”’ A dropping mercury electrode was used as the cathode and a saturated calomel electrode of 
the BRUNNER and MEANS type as the anode 


The polarogram of copper in O-l M acetate and 0-002 per cent Triton X-100 shows a well-defined 
Step in the vicinity of 0-0 V versus the saturated calomel electrode, whilst sodium anthranilate is not 
reduced at the dropping mercury electrode in this supporting electrolyte. (¢ onsequently an applied 
e.m.f. of 0-5 V versus the saturated c ilomel electrode was chosen for th © amperometric titrations 

Prior to the titration the solution was deoxygenated by passing nitrogen for 10 min. The titrant 
(0-17 M sodium anthranilate solution) was added from a 10 ml burette in ste ps of 0-2-0-4 ml. Nitrogen 
was passed through the solution to mix the contents of the cell, and the current reading was taken 
after allowing a suitable time for the diffusion laver to build up around the dropping mercury electrode 
The volume of titrant was plotted against the diffusion current and the lines of best fit were drawn in 
the usual manner. Volume correction was found to be unnecessary 

Radiometric titrations. The cell used for amperometric titrations was modified for radiometric 
titrations by removing the dropping mercury electrode and inserting a filter stick (porosity No. 3) 
connected to a manifold to which either nitrogen pressure or vacuum could be applied (f ig. 1). 
In this way the precipitated copper anthranilate could be separated from the supernatant liquor for 
sampling and the excess supernatant liquor could then be returned to the cell Triplicate samples 
(ca. 3-5 mg) of the supernatant liquor from the titration mixture were taken by means of a 0-1 ml 
blood pipette and placed in tared amp rules which were sealed and reweighed 

Radiometric titrations were performed by two different procedures }mM and 1-5mM copper 
solutions. The first (A) resembled the method used in the amperometric experiments and involved 
successive additions of 0-2-0-4 ml increments sampling was Carried out ipproximately 45 min after 
each addition. The time interval between Successive additions was dictated by the rate at which the 
ampoules for tritium analysis could be weighed on the microbalance. In the second procedure (B), 
an excess of titrant was added and sampling was carried out at one point only after a suitable | apse of 
time (20 min). In procedure A the solution was mixed by passing nitrogen and in Procedure B by 
Stirring with a mechanical stirrer. The titrations were performed in artificial] light to minimise 
decomposition of the sadium anthranilate solution. The Specific activities of the titrants used were 
and 4-0 mc/mM respectively 

Tritium assay. This was performed using a modification of the method of WizBacn et ai" 
In cases where the sample weight was less than 4 mg, an ampoule conta ng water was added to the 
combustion tube to bring the total liquid weight up to approximately 5 mg Propane was used as 


counting gas instead of methane as originally recommended 
Reagents. Analytical reagent grade chemicals (with the exception of anthranilic acid) were used 
throughout these experiments. Commercial (May and Baker) anthranilic acid w iS recrystallised four 


times from hot water to constant melting point (145°C) using activated alumina as absorbent 
> 


E. Human and S. J. Leacn, Chem. & Ind. 149 (1956) 

*' I. M. Kouruorr and J. J. Lincane. P arography (2nd Ed.) Ch. 47. Intersc ence, New York (1952) 
A. H. BRUNNeR and P. B. Ms ANS, Analyt. Chem. 23, 1525 (1951) 
") J. L. Garnett and S. W. Law. Aust J. Chem. in press 

*) K. E. Winzeacn, L. KAPLAN and W. G. Brow N, Science 118, $22 (1953) 
K. E. Winzeacnu. A. R. Van Dyken and L. Kapitan, Analyt. Chem 26, 880 (1954). 
“*) D. H. ANprews, G. Lynn. J. JOHNSTON, J. Amer. Chem. Soc. 48, 1274 | 
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The purified anthranilic acid was tritiated by the method of Wi-zBacu"® and purified by recrystalfiza- 
tion to constant specific activity.” Sodium hydroxide was added in stoichiometric proportion to a 


suspension of the acid in water and the mixture was stirred until the material was completely dissolved. 


RESULTS AND DISCUSSION 


4mperometric titrations. In agreement with ZHDANOv et al.) values of pH above 
3-5 were found to be suitable for the titration (0-1 M acetate-acetic acid buffer in 
16 per cent ethanol). However, contrary to the results of these workers the present 


Woter pump (vacuum) 


B 4 for insertion 
of soturcted calome 
electrode for amperometry 


Fic. 1.—Radiometric titration cell. 


authors found that increasing concentrations of supporting electrolyte produced a 
poorly-shaped titration curve and gave results which were considerably higher than 
expected. Furthermore, the concentration limit claimed by ZHDANOv et al." could 
not be reproduced in 0-1 M supporting electrolyte (viz. 1-58 mg in 50 ml of solution= 
0-5 mM) but the lower limit was found to be 1-5 mM + | per cent. This precision 
was possible only when an 8-10 min mixing time was allowed between the addition 
and the current reading. Titrations at lower copper concentrations were found to be 
impossible. 

ZHDANOV et al.® reported that the titration can also be performed at an applied 
e.m.f. of 0-0 V versus the saturated calomel electrode, but the present authors could 


5) A. K. ZHpDANOV, R. I. Tserruin and A. M. YAkusov, Zavodskaya Lab. 21, 7 (1955). 
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Radiometric and amperometric titrations of copper wit! 


not obtain accurate results under these conditions. At this e.m-f. the copper st 
not exhibit its limiting current. 

lable 1 shows the results obtained at different concentrations of « ypper. | 
of the precision was complicated by the decomposition sodiur 
solution. Each observed end- point is compared with the value calculated 


results obtained at a concentration of 3 mM. 


TABLE | RESULTS OF AMPEROMETRIC TITRA 


Obs. end point Cal 


(ml) 


Cu (mM) 


4-66 
6-0 3-RR 


42 2-70 2:72 
3-0 1-94 1-94 
1:8 1-16 1-16 
1-6 1-05 1-04 
1-5 0-94 0-97 
1-2 0-92 


Fic. 2.—Comparison of amperometric and radiometric 


The initial points of the titration curve do not fall on ¢ 


graph (Fig. 2). The discrepancy between the non-linear and the linear portior 
curve may be attributed to 

(a) building up of an adsorption layer on the mercury surface during 
Stages of the titration, 
or 


(b) the kinetics of the reaction. 
The technique of tensammetry"® was used to investigate ads orption phenomena. 
Sodium anthranilate solution in acetate buffer was found to exhibit a tensammetric 


“6 B. Breyer and S. Ha OBIAN, Aust. J. Sci. Res. A 5, 500 (1952). 
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J. W. Hayes and S. W. Law 


he saturated calomel electrode. However. 
1 X-108 s added to the system it was preferentially absorbed, and the 
eliminated. Since in the titrations Triton X-100 was 


esent constant int (U°UO2 per cent) the deviation of the titration curve from 


i longet ‘ing time was allowed between additions of reagent and reading 
(up to 5 ) the currents 1n the initial stages decreased to a constant value 
a more nearly linear plot. A much smaller change occurred in the currents 


ng shift in the end-point of less than 


Amperometric 


end-point end-point 


(ml) 


94 


lt the precipitation slow, particularly in the initial 


ported by Stock’ for the copper 


| ent wit! /Oservations it was found that the 
py vitl hranilate fa tated the precipitation. However, 

( 1-f lant with that obtained in the forward titration. 
WI M nitrate solution wa ed instead of acetate supporting 
lect for 1 titration a slight imy ement in the rate of formation of 


[ pita a oted t the reaction was st not instantaneous 

Radion tration Table 2 shows results for radiometric titrations using the 

WI the activitie the samp in millimicrocuries per milligram 
ase il e of the substrate,’” were plotted 


points exhibited a 


{ end-| t. This is analogous to the non- 
lineal f it imp et curve. The slow rate of formation 
of the ild expla er concentration of labelled species observed 
in tf juid pha il ta I the titratior From the data of the ampero- 
metric titrati pita ne lor the radiometric titrations was drawn parallel 


Good agi amperometric and radiometric titrations 


pert P oh ( ises where the titration was performed by 


Procedure B reeme¢ not oDtained with tl amperometric end-points. In the 
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latter procedure end-points were calculated on the ass ption that the slope of the 
curve of activity versus volume of excess titrant would | ntical to that obtained by 
Procedure A. It is considered that the discrepancy n the results of the two 
procedures can be attributed to different conditions of pitati It is still feasibl 
that, provided standardisation were carried out. accurat timations of copper could 
be made by the second technique. 

The end-points of both amperometric and radion Cc titrations carried out by 
Procedure A were consistently about 1-5 per cent than the stoichiometric 


relationship. It would be necessary, therefore. to standard se the sodium anthranilate 


under similar precipitation conditions 


CONCLUSION 


Ihe above results show that the use of tritiated Organic analytical reagents for 
radiometric metal ion titration is feasible lritiometry experiments with more suitable 


analytical reagents are being performed in these laboratories. It would seem reason- 
able to suggest a method of routine metal ion analysis | ich an excess of a tritiated 
organic reagent is added to a metal ion solution and after the lapse of a suitable time 


interval a sample of the supernatant liquor is taken and counted. This count could 
then be related to the original concentration of metal ion 


icknowledgements—The authors are grateful to the Commonwealt! Scientific and Industrial Research 
Organisation, Divisions of Entomology and Protein Che f ! to Monsanto Chemicals 
Australia) Ltd., for equipment grants towards the sett ng ut ritium-labelling and assay 
ipparatus and for the purchase of the trittum. One of us (S. W. | shes to thank the N.S.W. State 
Cancer Council for additional financial s ipport 
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The rapid separation of **Na from “Meg 


Re ed 27 June; in revised form 26 July 1960) 


IN order to develop a met! table for the separation and detection of radionuclides having a 


half-lif f about 10-20 n the separation of 14-9 hr **Na from 9-6 min *"Mg was studied by us 

Several separations of sodium from magnesium are reported in the literature,"’~*’ but since the 
problem is usually the isolat ! long-lived **Na from deuteron-bombarded magnesium a rapid 
separation is not necessary. None of these seemed to us to be directly applicable to i rapid separation 


and a modification of the Samuelson-Sjéstrém method was therefore adopted, using a mixture of 
Dowex 


in the free base and acetate forms 


The radioisotopes were produced by the nuclear reactions *“Al(n.x)**Na and 2 Al(n,p)’Mg, 
using 14 MeV neutrons from a trit target bombarded with deuterons from a 400 keV Cockcroft 


and Walton accelerator 


Since the separation procedure must operate in the presence of relatively large amounts of 


aluminium from dissolutio i the irradiated target, the procedure was based on the inability of the 
resin to retain sodium and on the different stabilities of the EDTA complexes of magnesium and 
alur i At pH 7-5-8 bot helates are retained by the resin, but since the aluminium chelate 


magnesium chelate is less stable at the lower 
pH, the latter can be eluted from the 1 vith | N CH,COOH. Before using the method on the 


sub-microgran ile, pre iry tests were carried out v ynt c feed solut son the milligram 


remains stable over a 1€ pH rang (3 0) wi e ine 


scaie t re that Magnesiu C 1 De separated [rom aluminium without contamination despite 


ary Experiments 


i bed of Dowex-2, X-8 (100 200 mesh) was used 


half in the hydroxy! form and half in 


tracing 1 with approximately 0-1 we of **Na and plotting the effluent activity against 
the effluent volume, it was f 1 that Is of the sodium was contained in the first 25 ml. The 
marne recovery on elut th | N CH,COOH was determined in the | juid collected after the 
first 2?‘ from the above experiment and three further experiments. The magnesium was estimated 
by com etry after being al ped na small bed of Dowex 50 X-8 and eluted again The 


with a standard solution of 


iluminium (0-02 M) 
with Chrom Azurol S as the tor, it was shown that no apprec ible amounts of EDTA salts 


re first 25 


were preset The presence of aluminium was checked oth ml of effluent and the 
subsequent portion by back-titration of the EDTA-aluminium chelate with ferric ion; it was con- 
1 that ott 


cluded i 2 f the initial amount of aluminium chelate (or other EDT 4 chelate) was present. 
Furthermore, the absence of aluminium ions in the latter portion of effluent was confirmed. 


R. Boucuez and G. Kayas, C.R. Acad. Sci., Paris 228, 1222 (1949). 
V. J. Linnensom, J. Chem. Phys. 20, 1657 (1952) 
K. L. Hatt, AECU-312¢6 (1955) 

K. L. Hatt and W. W. Menke, J. Inorg. Nucl. Chem. 9, 193 (1959). 
8) J, BEUEKENKAMP and W. RIEMAN, Analyt. Chem. 22, $82 (1950) 
'6)} O. SAMUELSON and E. SséstrOM, Analyt. Chem 26, 1908 (1954). 
' A. H. Heyn and H. L. Finston, Analyt. Chem. 32, 328 (1960) 


356 


Vol, 
16 
1960/61 


|, Vol. 16, pp. 356 10 366. 
q 
Preliminar 
tary 
the acetat 
= 


Notes 357 


It was found that it is not convenient to use an amount of resin in the free base form higher 
than that corresponding to the number of equivalents of the anions contained in the feed solution; 
otherwise the residual free base resin tends to release gases when in contact with the 1 N acetic acid 
of the eluant 


Experiments on Irradiated Aluminium 


(a) Irradiation and radiochemical control 


Two aluminium foils. each of about 12 mg cm~* and 54 mg, were irradiated in each experiment 
The neutron flux through the target was ~5-3 10° neutrons cm~* se The irradiation time was 
27 min, corresponding to the following predicted activities in each foil: 13 dis sec “Na and 3-55 


10° d.p.s. "Mg. After irradiation, one of the foils was used for the chemical procedure described 


CPM. Feeg and Effivent : acetic acid jw. 


Twme in minutes 


Fic. 1.—Plot of the effluent activity against time. The zero corresponds to the end of irradia- 
tion. Besides the *"Mg peak, the "Na peak is present. **Na had been added to the feed. 


below and the other for radiochemical control. The latter was carried out by introducing the alumin- 
tum foil into a standard y-scintillation counter, fitted with a pulse height analyser, and determining 
the height of the photo-peak corresponding to the 0-834 MeV line in the y-spectrum of "Mg. The 
decrease in the photo-peak hieght with time corresponded to the half-life of *"Mg, and the absolute 
activity extrapolated to zero time was 3-5 x 10* dis/sec in good agreement with the calculated 
magnesium activity at the end of the irradiation. The y-scintillation counter detector was calibrated 
by means of the 0-84 MeV y-peak of a standard “Mn source. 


(b) Chemical treatment and separation 


The second foil was rapidly dissolved in 1 ml of 6 N HC! with gentle warming. As soon as the 
metal was completely dissoived, the stoicheiometric amount of the disodium salt of EDTA was 
added as a boiling solution. After cooling, ammonium hydroxide was added to adjust the pH to 
~7-°5. In this way, approximately 22 ml of active solution were obtained, which were fed to the 
resin at a rate of 2:5 ml min-* cm™=*. The effluent samples (8 ml) were collected in glass tubes by 
means of an automatic sample changer. The column (2-1 cm* x 9-5 cm) contained Dowex-2, X-8 
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(100-200 mesh), 8 ml in the free base from and 12 ml in the acetate form, and a high-efficiency halogen- 
quenched G.M. liquid-flow counter'*’ was used to monitor the effluent activity 

Owing to the short irradiation time, the sodium activity was too small to be detected, but the 
magnesium peak on elution with 1 N CH,COOH was clearly shown. The whole separation took 


about 25 min 
In order to show the separation from sodium, a similar experiment was carried out in which a 
small amount of **Na was added to the feed solution, with the results shown in Fig. 1, in which two 


distinct peaks appear 


Laboratori CISE E. Cerrat 
Milano F. GADDA 


*’ F. Gappa and G. Repaeii, Energia Nucleare (Milan) 7, 701 (1960) 


The independent yield of “Nb in the thermal neutron fission of 
233] 2351) and 239Py 


(Received 5 August 1960) 


NiosiuM-96 is shielded by the stable **Zr and hence any observed in fission must arise by inde pendent 


formation. The yield was first measured in the thermal neutron fission of 2°U by Cook" The 
fractional chain yield of 9-8 » 10-* was found to fall well below the value predicted by the Equal Charge 
Displacement rule."**-*’ Fig. 1 shows the charge distribution curve plotted with all the available 


independent yields for **U, *°U and **Pu. These yields are given in the compilation by Croat Vol 
The Z-Z> values were calculated using GLENDENIN’s"*-*-*’ simple formula and the Z, curve given by 16 
GRUMMITT and MiLTon'*’. The values of # used were 2-5, 2:5 and 3-0 respectively for **U, **°U and 
1960/61 


*8*Pu thermal neutron fission. The curve shown is the Gaussian 


where 7 is the fractional chain yield 
This curve is a better overall fit to the points shown than that given by GLENDENIN"’. The **Nb 
point is Coox’s determination. It is clearly below the curve, and is in fact, as far as 2°U fission is 


concerned, the most outstanding deviation 

Pappas'*’ and WaAHL'*’ have both made modifications to the charge distribution rule in an endea- 
vour to fit the **Nb result to the curve. Pappas introduced discontinuities in the curve of Z, plotted 
against mass in the region of shell closures which helped to explain the **Nb problem. WAHL, however, 
was able to show that from the values of the independent yields of other nuclides in the vicinity of the 
shell closures that there was no good evidence for the discontinuities in Zp that PAPPAS postulated 
WAHL then proposed that in *°U fission a 50-42 proton split might be favoured at the expense of the 
neighbouring 51-41 and 49-43 proton splits. This would have the effect in uranium fission of reducing 
the independent yields of isotopes of niobium and technetium which have 41 and 43 protons respec- 
tively. However, in plutonium fission the favoured split would be 50-44 and the independent yields of 
niobium isotopes would be expected to be normal 


" G. B. Cook, Ph.D. Thesis, Cambridge (1951) 
L. E. GLENDENIN, C. D. Coryett and R. R. Epwarps, The Fission Products NNES, Div. IV, Vol. 9 
Paper 52. McGraw-Hill, New York (1951) 

*) L. E. Git.sDentn, M.1.T. Tech. Report 35 (1949) 

* L. E. GLeNDENIN and E. P. SteinserG, Proceedings of the Intern ational Conference on the Peaceful Uses of 
Atomic Energy Geneva, 1955, Paper 614 United Nations (1956) 

|. F. Croatt, AERE-R 3209 (1960) 

W. E. Grummitt and G. M. Mivton, Canadian Report CRC-694 (1957) 

D. J. HuGHes and J. A. Harvey Neutron Cross Sections. BNL 325 (1955). 
‘8. A.C. Pappas, M.1.T. Tech. Report 63 (1953) 
‘) A.C. Want, J. Inorg. Nucl. Chem. 6, 263 (1958). 
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An alternative explanation of the low independent yield of 23 hr **Nb may be found in the existence 
of another isomer of “Nb. Recent work has shown that for pairs of isomers one isomer is favoured 
in independent formation. For example, in the independent formation of ''Te the high-spin (30 hr) 
isomer is formed at the expense of the low-spin isomer in the thermal neutron fission of 2551 },*™U and 
Pu" In the case of '"'Pd, the low-spin isomer is favoured in the f ssion of *U and **Py'!?), 
The low spin isomer of '*Rh is also formed independently in preference to the high-spin isomer in the 
thermal neutron fission of **U and ***Pu''?’, Another isomer of “Nb would be expected to be the 
lower spin state, and OrtH and Samirn'"’ in the course of work on the short lived isomers of niobium 


suggest that its half-life, if it exists, is less than 5 sec 


CHAIN YIELD 


FRAC TIONAL 


Charge distribution curve for 
235| 
233| 
239Py 


In order to test WAHL’s hypothesis it was decided to measure the independent yields of 23 hr *Nb 
and **Pu 


in the thermal neutron fission of 


Experimental 


he fissile materials were irradiated in solution in the BEPO pneumatic “rabbit’’. Irradiations 
were of | min duration so that the 50 min **Nb isomer could be detected. and a rapid zirconium- 


niobium separation would minimise the amount of short-lived niobium activities formed by decay of 
zirconium isotopes. The enriched (93°) *U was supplied by the Electromagnetic Separator Group 


at Harwell 

Niobium and zirconium carriers were added to the irradiated solution which was made up toa 
known volume. An aliquot (2-5 %) of this solution was taken, added to barium carrier and set aside 
until the following day for barium analysis. A radio-chemical separation of the niobium was then 


carried out 


M. Tatat-Erpen, L. E. GLENDENIN and E. P. StemnserG. Private communication (1958). 
L. BE. GLenDENIN. Private communication (1959) 

2) 1. F. Croat and L. E. GLenpenin. In press (1960). 

C. J. and R. K. Smirn, J. Inorg. Nucl. Chem. In press. 
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GLENDENIN'**’ gave a separation scheme for niobium based on the precipitation of Nb,O, from the 


soluble niobium oxalate complex by destruction of the oxalate with sodium chlorate in nitric acid 
solution. The scheme also included barium fluozirconate scavenging steps. This procedure gave only 
a relatively low decontamination from other fission products, notably tellurium and molybdenum. 
The procedure finally developed for this work was based on GLENDENIN’s, but incorporated sulphide 
scavenging stages to remove molybdenum and tellurium more efficiently. 

The barium separation scheme used was that given by GLENDENIN"®’, 

The final samples were mounted on a filter paper disc held in an aluminium tray. They were 
counted under an end window Geiger (window thickness 1-7 mg cm~*) under identical geometry 
conditions. Source weights were arranged to be between 15 and 20 mg spread over an area of 2 cm. 
Corrections for self-absorbtion and backscatter were estimated to be less than 10 per cent and have 
been incorporated into the errors quoted on the results 


The decay of each sample was followed for about 10 days. The resulting decay curve showed 
half-lives of 50 min, 72 min and 23 hr. The results on the 50 min **Nb will be reported later. In this 
investigation only the 23 hr **Nb results were required, and these could be read directly from the decay 


curves. No significant contribution due to **Nb (35 days) was observed 


The independent yields were measured relative to the cumulative yields of Ba™® whose values in 
*33[), 235) and ***Pu thermal neutron nssion were taken to be 6-0, 6°44 and 5-6 per cent respectively. 


inermai neutror i 


Independent yield d 10 5-6 10 


Average yield: (5 1-0)10 
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Thermal neutron fission 


J 


Independent yield of 23 hr **Nt 3-45 10 3°66 10-*° 


Average yield: (3-6 + 06) 10 


Discussion 


he total chain yields for mass 96 are 5-6°% for *°U, 6-0°% for °U and § 8% for **Pu thermal 
neutron fission''*’. Shown below are the **Nb independent yields expressed as fractions of the total 
chain yield 


233| 235] 239Py 


(1-0 


0:2)10°* (98 + 2:0)10°° (62 + 10)10°* 


These results may be compared with those of Cook" and TroutNer"” 


235] 239Py 


CooK 9-8 10 
TROUTNER (1-3 0-3)10-* (95 + 20)10°° (7-7 + 10)10~* 


Fig. 2 shows these fractional chain yields plotted on the charge distribution curve. It will be seen that 
th¢ plutonium fission result falls considerably below the curve. just as do the two uranium results. 


1) L. E. GLENDENIN, The Fission Products NNES, Div IV, Vol. 9, Paper 253. McGraw-Hill, New York 
(1 951) 

“*) L. E. GLENDENIN, The Fission Products NNES. Div. IV, Vol. 19, Paper 288. McGraw-Hill, New York 
(1951) 

6) §. Katcorr, Nucleonics 16(4) 78 (1958) 

"7 D, E. Troutner, Ph.D. Thes Washington University, St. Louis (1959) 
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This would seem to indicate that the favoured 50-42 proton split is at any rate not an important factor 
in causing the low yield of 23 hr **Nb. In the absence of any direct evidence that the charge distri- 
bution curve for ***Pu is the same as that for *°U, TrouTNer"”’ Suggested that it might in fact be 
narrower, thus bringing the **Nb yi ‘Id to within +0-1 charge units of the curve. However, a number 
of independent yield values for ***Pu have recently become available'*’ and these are also shown in 
Fig. 2. There is no reason to suggest that the charge distribution curve for plutonium is narrower 
than that for **U. 


FRACTIONAL CHAIN YELD 


Curve from Fig. 1 showing Nb fractional chain yields. 
235 

233) 


The existence of a short lived isomer of **Nb,* favoured in independent formation affords an 
alternative explanation of the low yield. Since its half-life would appear to be of the order of a few 
" it will be very difficult to determine its independent yield. However, further work is 
planned to search for this isomer. 


seconds 
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High specific activity “SO, from neutron irradiated CCI, 


(Received 4 August 1960; in revised form 26 August 1960) 


IN the course of an examination of the chemical consequences of the nuclear reaction *Ci(n,p)"*S, it 
has been found that *SO, of high specific activity could be recovered by appropriate scavenger 
techniques from thermal neutron irradiated carbon tetrachloride. 
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Since the presence of impurities in the target material is known'"’ to have a pronounced effect on 
the chemical fate of the sulphur atom produced, the CCI, was rigorously purified by refiuxing reagent 
grade materia) with mercury, followed by a triple distillation through an all-glass system. A centre 
cut was washed with 6 N NaOH and then exhaustively with distilled water. The washed material was 
dried with CaCl, and again distilled from CaCl, in an all-glass system. A centre cut was quickly 
transferred to a cold finger and carefully outgassed on a high vacuum line by the customary procedure. 
Of this stock supply, 0-25 mmole were transferred by high vacuum distillation into 0-88 cm? (0-5 cm 
i.d., 4-5 cm long) quartz ampoules which were provided with a break-off tip, and which had been 
thoroughly flamed and outgassed prior to filling 

These ampoules, together with a cobalt wire monitor (sealed in a quartz capillary) taped to the 
ampoule, were irradiated in the thermal neutron flux of the Industrial Reactor Laboratories reactor. 
The total nvt, calculated on the basis of a cross-section of 36-3 barns‘*’ for the reaction ®°*Co(n,y)** Co 
was approximately 2:9 10''ncm~*. After a three-day cooling period which allowed the short-lived 
co-produced activities (mainly 37 min **Cl and 5 min *’S, as well as 2-6 hr **Si from the quartz am- 
poule) to decay out, the ampoule was removed from the irradiation can, and after washing, placed into 
a cold finger arrangement which was attached to the high vacuum manifold. After evacuation, the 
capsule was opened with a magnetically operated weight and the volatile materials distilled into a 
liquid nitrogen cooled trap 

Two and a half millimoles of purified SO, were dosed into the trap which was then closed off from the 
remainder of the vacuum system. The trap was warmed to —78°C with an acetone-Dry-Ice bath and 
held at this temperature for 10 min to allow ample time for the system to come to equilibrium. At 
the end of this interval, the SO, was distilled from the —78°C trap into a second trap held at liquid 
nitrogen temperature. Thirty seconds was found to be an ample interval to effect essentially quantita- 
tive transfer. 

The fact that the sulphur activity was present as **SO, was demonstrated by a number of sensitive 
tests. These included not only low temperature distillation and radio assay of successive aliquots, 
but also preferential volatilization of SO, [compared to S(V1)] from an acidified aqueous solution of 
tne scavenged sample 

The *SO, so obtained was radio-assayed by standard procedures involving distillation of an 
aliquot into aqueous NaOH, followed by oxidation with Br, and precipitation of Ba*SO,. Thin 
samples (5-25 mg cm~*) were counted under a Sugarman type gas flow counter fitted with a 0-5 mil, 
doubly aluminized mylar window. Corrections for self absorption, decay and geometry were applied 
and a final specific activity of 5 10° counts/min mg of BaSO, was observed in a replicate fashion 
This corresponds to a source strength of 7-6 uc per mmole of SO,. The radio chemical purity of the 
*°S was determined by standard aluminium absorber techniques (since 14 day **P is co-produced in the 
target by the *Cl(n, x) reaction). Impurity actiyities other than *S were found to comprise less than 
1 part in 10* of the total 

The total amount of **S activity present in the target was calculated from the known cross-sections 
for the *Cl(n, p) and **Co(n, y) reaction and the radioassay data for an aliquot of the monitor 
Corrections for counting efficiency (0-065 for “S, 0-126 for *°Co) were applied to these data, as well as 
a correction for chemical yield. These calculations showed that well over 90 per cent of the *S activity 
could be extracted by SO, scavenging 

The recovery of the buik of the sulphur activity in the +4 oxidation state in these targets is con- 
sistent with the earlier findings by Koski et a/..*) that when thoroughly outgassed and moisture free 
KCI was irradiated with thermal neutrons, more than 80 per cent of the sulphur activity was carried 
in the non-sulphate form. Due to the absence of moisture and occluded gases in the irradiated CCl,, 
it is unlikely that the final chemical fate of the sulphur archekine'*’ in this system is SO,. It is more 
likely that the recoiling **S atom comes to rest as S,Cl, or perhaps SCI, and/or SCl,. The formation 
of these thiohalogens is presumed to arise from the reaction of the archekine at or near the end of its 
recoil path with chlorine free-radicals in the target. These radicals in turn are expected to be present 
at relatively large steady state concentrations both as the result of the large y-flux to which the target is 
exposed during the irradiation, as well as the elastic collisions and disruptive effects of the recoiling 


| W.S. Koski, J. Amer. Chem. Soc. 71, 4042 (1949). 
) D. C. Santry and L. Yarree, Canad. J. Chem. 38, 421 (1960) 

‘) T. A. CARLSON and W. S. Koski, J. Chem. Phys. 23, 1596 (1955). 
‘) P| E, Yanxwicnu, Canad. J. Chem. 34, 301 (1956). 
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archekine itself. Hydrolysis of these sulphur chlorides by minute traces of moisture encountered in 
the post-irradiation treatment of the t target material by the method discussed above is known'*’ to 
lead to SO, asa major product as well as smaller amounts of S(O) and S(\ 1). The latter observation 
is COnsistent with our finding that the *SO, isolated from the scavenged irradiated sample is con- 
taminated to the extent of about 0-5 per cent with sulphur activity carried by sulphate scavenger 

In addition, the possibility that *SO, is formed directly from the final chemical product by 
isotopic exchange with the added SO, cannot be excluded as a contributing mechanism. Although it 
is known'*’ that isotopic sulphur exchange does occur between elementary sulphur and S,Ci, in CCI, 
solution, no exch ange studies in the systems SO,-S eCl, and SO,-S¢ ippear to have been carried out 
Indeed, on the basis of the extensive work of Norris and his co-workers'’’ no readv exchange mechan- 
ism between the sulphur halides and SO, Suggests itself, alth« ugh such an exchange is thereby not 
conclusively ruled out 

The more quantitative aspects of the hot-atom processes in the present system are the subject of a 
continuing study. The author is grateful to Dr. DANtEL GREENBER nd The National Distillers 
Corporation for providing the neutron irradiations at the I.R.L. reactor and the U.S. Atomic } nergy 
Commission for its continuing support 
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Fluorine nuclear spin resonance spectroscopy—IV 
A silicon-29 isotope effect 


(Received 9 September 1960) 


WHEN fluorine is attached to a carbon atom bearing a heavy isotope such as D"’ or @C? or when it is 


joined directly to ™€ an “isotope effect” is observed which consists of a shift of the fluorine nuclear 
spin resonance (NSR) peak center in the direction of greater shield ng, relative to the corresponding 
peak due to the “normal” (light) compound. Smaller effects in the same direction have been observed 
In proton NSR spectroscopy “ 

Recently, a start has been made toward the theoretical explanation of such is tope shifts." It is 
therefore of particular interest t xamine more diverse exan ples of t se effects, to provide experi- 
mental evidence concerning the relative importance of various parameters. In the present work the 


pair of isotopes compared, **Si and **Si represent by far the most convenient choice from the second 
row of the periodic table. The hexa-co-ordinate fluosilicate anion was studied in aqueous solution 


Experimental 


Ammonium fluosilicate (Harshaw Chem. Co ), 0-200 2. was diss i in 0-80 mi of H.O. The 
solution was rather acidic, pH 3-0 0-3: inthe preparation of the sex d sample a small amount of 
solid ammonium carbonate was added to adjust the PH to about 5-5, in order to inhibit the fluoride 


G. V. D. Tiers, J. Amer. Chem. Sox 79, 5585 (1957) 

G. V. D. Tiers, J. Phys. Soc. Japan 15, 354 (1960) 
* P. C. Lautersur, Private communication: to be published 
*” G. V. D. Trers. J. Chen Phys. 29, 963 (1958) 

G. V. D. Trers, J. Phys. Chem. 64, 373 (1 
” H. S. Gutowsky, J. Chem. Phys. 31. 1683 (1959) 
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exchange.’ The solutions were filtered to remove any insoluble matter, and were placed in standard 
5 mm o.d. NSR sample tubes 

A detailed description has been given of the NSR spectrometer and of the measurement tech- 
niques,'*’ the latter having been developed for the detection of the similarly small “C—H isotope 
effect. All NSR work was done at 25-0°C. The doublet due to *SiF,-* was found to be centred at 
slightly higher field (more shielded) than the single very strong peak due to *SiF,~*. Line widths 
W (in c/s) measured at half-maximal intensity, were quite reproducible but were pH-dependent, the, 
**SiF,~* peaks being relatively more broadened at low pH than the “image” peaks'*’ derived from 
**SiF,~*. The experimental results are presented in Table 1; all errors are expressed as the standard 
deviation of the averaged value 


TABLE 1.—THE EXCESS FLUORINE NSR SHIELDING, A, PRODUCED BY 2°Si IN AQUEOUS 
AMMONIUM FLUOSILICATE SOLUTIONS 


Jcls No. of W, c/s No. of W, c/s No. of 
pH A, p.p.m 2) Measure- *°SiF,-* measure- **SiF,? measure- 
: ments peaks ments image ments 
3.0 + 0-004 108-37 12 1-37 an 0-97 44 
+0-003 +-0-03 +0-02 


0-004, 108-00 0-87 0-90 
0-001, 10 +0-04 16 0-04 32 


Discussion 


It is seen from the results in Table 1 that the **Si—F isotope effect is so small as to be barely detect- 
able. The “C—F effect is about thirty times as large,'*.*’ indicative of a strong inverse dependence 
upon bond length. This point will be discussed more fully in a subsequent paper dealing with BH, 
and BF, isotope effects 

MUETTERTIES and PHILLIPs'’’ noted the acid-catalysed broadening (at very low pH) of the SiF,~* 
peak, which they attributed to “fluorine exchange between SiF,~* species’’, e.g. HSiF, exchange 
between SiF,~? anions would nor cause any broadening. However, this hypothesis cannot account for 
the substantially greater broadening of **SiF,~* relative to **SiF,-* at low pH, shown in Table | 
From the stability constant for SiF,~* at pH 3-0'" is it calculated that less than 0-1 per cent of the 
fluorine in the solution is present as fluoride ion, from which it follows that negligible broadening, and 
no differential broadening, would result from exchange with fluoride ion itself 

On the other hand, exchange of fluorine (perhaps via fluoride ion) between the isotopic fluosilicate 
anions would produce exactly the observed differential broadening of the **SiF,-* peaks. Since there 
is only a 2-3 per cent chance that a fluorine, once lost, will return to a 2*SiF,-* anion having similar 
spin the predominant process results in broadening ; while for**SiF,~*the chance of such return is 95-4 
per cent, hence broadening is slight. Stated otherwise, the rate constant, k (= 1 t,), calculated from 
the broadening of lines for “slow exchange’’’*’ must be corrected for the inherent probability of the 
process in question, if the true pseudo-first-order rate constant, k,, is desired. Here k , k @*SiF,~*) 
0-977 = k (?*SiF,,~*)/0-046 from which one would expect the broadening of the **SiF,~* peak to be 
only 4-7 per cent as great as that for **SiF,-*. While the data of Table 1 strongly confirm the expected 
differential broadening, the sample-to-sample reproducibility of line width measurements is insuffi- 
cient for a critical test of the predicted ratio. The relatively precise differential broadening (Table 1) 
leads"**' tok, = 3-3 + 0-1 sec” (per fluorine atom) for loss of fluorine from fluosilicate ion at 25° and 
pH 3-0 + 0:3. If, however, only the first fluorine is removed, giving species such as SiF,;OH-*”’ or 


SiF,~, the rate constant listed above must be multiplied by six 


) E. L. Muetrerties and W. D. PHituips, J. Amer. Chem. Sox 81, 1084 (1959) 

‘*) J. W. Currier and G. V. D. Tiers. To be submitted for publication 

‘* I. G. Ryss, Z. Obshch. Khim. 16, 331 (1946): Chem. Abstr 41, 639 (1947) 

“°) J. A. Porte, W. G. ScHNerpeR and H. J. BERNSTEIN, High-Resolution Nuclear Magnetic Resonance p. 221. 
McGraw-Hill, New York (1959.) The apparent line width due to instrumental factors is corrected for as 
in ref. (5). 
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A double sulphate of titanium and iron 
(Received 14 September 1960) 


IN course of an investigation of the solution chemistry of titanium sulphates in aqueous and sulphuric 
acid solutions, a new double sulphate of titanium and ferrous iron has been isolated. Normal titanium 
sulphate, Ti(SO,),, appears to be quite unstable,'’’ but a number of double sulphate of titanium and 
bivalent metals such as Ca, Sr, Ba, Ni, Zn, Cu, and Mn, having the general formula MSO,.Ti(SO,),, 
have been reported.'**’ Menta and Pare.’ failed to prepare a double sulphate of titanium and 
iron 

Varying quantities of a solution of ferrous sulphate in 50°, v/v sulphuric acid were added to a 
sulphuric acid solution of hydrated titanium oxide. On prolonged gentle heating (3-4 hr) shining deep- 
blue crystals began to separate slowly, the maximum yield being obtained when the weight ratio of 
TiO, and FeSO,.7H,O in the sulphuric acid solution was of the order of | : 5. After cooling and 
decanting the supernatant liquid, the crystals were washed repeatedly with absolute alcohol to remove 
sulphuric acid. The crystalline product was then stored in a vacuum desiccator over sulphuric acid 

Determinations of titanium, iron and sulphate were carried out using a dilute hydrochloric acid 
solution of the product. The results of analysis of the product obtained on several occasions approxi- 
mated to FeOQ—26°6, TiO,—14°5, SO,—58-3: required for 2FeSO,.Ti(SO,),: FeO—264, TiO, 
14-7, SO,—58-8 

The crystals are highly hygroscopic and easily decomposed by atmospheric moisture to a brownish 
mass. They are soluble in dilute mineral acids and acetic acid, and also in concentrated hydrochloric 
and nitric acids, but are insoluble in concentrated sulphuric acid. lon-exchange methods showed the 
presence of Ti** and Fe** ions in dilute hydrochloric acid solution. On strong ignition a beautifully- 
coloured powdery mass was obtained which may be used as pigment 

S. Z. HAIDER 

Department of Chemistry N. BeGum 
Dacca University 


Dacca 2, Pakistan 
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The chemical stability of tributy! phosphate in some nitrate and 
chloride systems 


(Received 11 January 1960; in revised form 16 September 1960) 


Trisutyt phosphate (TBP) is a major solvent in the processing of nuclear fuels. It owes its success 
primarily to its chemical stability.’ Generally, it is assumed" that the primary reaction between TBP 
and dilute aqueous acids (HNO, and HCl, for example) is a hydrolysis reaction; and it has been 
suggested that in the presence of concentrated acids the primary reaction may be a dealkylation 
reaction (i.e. C,H,ONO, and C,H,C! are the products from TBP and HNO, or HCl, respectively).'*:”’ 
") L. L. Burcer, The Chemistry of Tributyl Phosphate HW-40910, (1955) 

'?) W. H. BaLpwin Chemical Division Annual Progress Report p. 40. ORNL-2782- (1959) 
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BLUMENTHAL and Hersert'*’ in studying the hydrolysis of trimethyl phosphate limited the HCI 
concentration to ten mole percent of the ester concentration in order to suppress the dealkylation 
reaction. GERRARD ef al. obtained excellent yields of alkyl halides using dry hydrogen halides on 
tertiary phosphates. 

Preliminary studies by the authors have disclosed two factors about the chemical stability of TBP 
which are very important to the processing of nuclear fuels. First, the so-called acid catalysed hydrol- 
ysis of TBP (equilibrated with 2-5 M acid) is not primarily a hydrolysis reaction, but a dealkylation 
reaction. Second, tributyl phosphate is degraded quite rapidly by (a) a homogeneous reaction with 
extracted zirconium (nitrate or chloride) and by (b) a heterogeneous reaction with solid zirconium 
compounds (ZrO(NO,),:2H,O or ZrOCI,°8H,O). In both (a) and (b) either n-butyl nitrate or 
n-butyl chloride and insoluble zirconium organic phosphates are the major products 

A Pye Argon Chromatograph was used to detect and determine the amounts of the more volatile 
decomposition products. Samples were introduced into a four-foot column packed with acid washed, 
Johns—Manville Silocel firebrick which was coated with LAC-2R446 (25° by wt.) 

For each of the homogeneous reactions , TBP was equilibrated with an equal volume of the aqueous 
solution at 50°C. In some experiments the aqueous phase was allowed to remain in contact with the 
organic phase; Table | indicates the aqueous and solid phases which were contacted with TBP and 
the principal products formed. At least three different zirconium organic phosphates were formed, 
one of which has been identified as Zr(NO,),(DBP), 


TABLE | TRIBUTYL PHOSPHATE DECOMPOSITION PRODUCTS 


System Principal products 
2 to SM HNO,—TBP 

2 to 5 M HNO,, 0:25 M Zr+—TBP 
Solid ZrO(NO,),-2H,O—TBP 

2:0 M HCIl—TBP 

2:0 M HCI, 0:25 M Zr+—TBP 
Solid ZrOC!,-8H,O—TBP 


n-butyl nitrate, HDBP* and H,MBP” 
n-butyl nitrate, Zr(NO,),.(DBP), 

n-butyl, nitrate, zirconium organic phosphate 
n-butyl chloride, HDBP and H,MBP" 
n-butyl chloride, zirconium organic phosphate 
n-butyl chloride, zirconium organic phosphate 


* HDBP is dibutyl monohydrogen phosphate; H,MPB is monobuty! dihydrogen phosphate 
t ZrO(NO,),"2H,O and ZrOC1,-8H,O were used for preparation of zirconium solutions in nitrate and 
chloride systems, respectively. 


The major conclusions which can be drawn at this time are: 
(a) The primary TBP reaction over the acid ranges studied (2-5 M HNO,; 2 M HC)) is not one 
involving hydrolysis 


(b) n-Butyl nitrate (the principal volatile product for nitrate systems) is an emulsifying agent and 
may be responsible for some of the emulsion problems encountered in fuel processing. Alkyl 
nitrates are also known to be unstable in the presence of acid and violent explosions may 
occur'*’ when such systems are heated.’ 

(c) Zirconium extracted into the organic phase greatly accelerates TBP decomposition with the 


production of troublesome solid zirconium orgainc phosphates 
(d) Of the systems studied, TBP is degraded most rapidly by the heterogeneous reaction with 
solid zirconyl chloride or zircony! nitrate 
A. J. 


Phillips Petroleum Company 


Atomic Energy Division 
Idaho Falls, Idahot 


+ Work under contract AT(10-1)-205, Atomic Energy Commission. 
§ Present address: Dept. of Chemistry, Colorado State University, Fort Collins, Colorado. 
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) A. P. Brack and F. H. Basers in A. H. BLatr. Organic Synthesis Coll. Vol. Il, p. 412. John Wiley, 
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Influence of the chelating agent on the separation of Eu’ and Am 
ions by solvent extraction* 


(Received 29 fugu t 1960 


AN EXTENSIVE investigation of the extraction of Eu(II1) and Am 


organic solvents, and with different cor ipositions of the 


laboratory This paper reports some results which may be help 


americium in aqueous solutions 


Recently it has been shown by Dyrssen and Liem'"’ that w 


ratio (chloroform/water)y of Eu was larger than for Am 
obtained with TTA. However, wit! Opropy! tropolone 
dichloro-oxine gg, < g,,. This gradual change of rder seems | 
ligand-forming atoms in the complexing agents: the oxyge 

1-00) or its dimer, HA,~, and ITA (pKy, 4-43 for the 

the oxygen atoms in isopropyl tropolonate (pK 0, pA 
than the nitrogen and oxygen atoms in 5,7-dichloro-oxinate (pK 


The basic strength of the ligand can only be one of the f 
lanthanide and an actinide ion with the same position in ea 


the hydrogen bond in tropolone is much stronger than 


relative basic strength of the two reagents. The hydroge 
These and other effects in the chelation of actinide and 


Dyrssen":*.5) Qualitatively. however, our results up till now 
chelating power (stability constant) of the ligand will re 
the choice of a suitable chelating agent for the separation of ter 


solvent extraction or paper chromatography 


Department of Inorganic Chemistry 
The Royal Institute of Technology 
Stockholm 


* This research is supported by the Swedish Council for Aton 


") D. Dyrssen and D. H. Liem, Acta Chem. Scand. 14, 1100 (19 

) D. Dyrssen, Acta Chem. Scand 9, 1567 (1955) 

' D. Dyrssen, Rec. Trav. Chem 75, 753 (1956) 

‘*) D. Dyrssen, Svensk Kem. Tidskr 68, 212 (1956) 

‘* D. Dyrssen, Paper VI-10 presented at the XVth International Congress of P Applied ¢ 
Lisbon, (1956) 


Vibrational spectrum of the NCSe~ ion 


(Received 4 August 1960; in revised form & Septem! 60 


RECENT work on the infra-red spectra of HNCSe and DNCSe""’ led 
vibrational frequencies of the selenocyanate ion. Several studies | t 


To be reported at a later date 
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and Raman spectra of the cyanate’**’ and thiocyanate ions,"**’ however, only two Raman 
frequencies have been reported for NCSe™."*:’ 

K NCSe was prepared in the manner described by WaITKINs and SuHutt'*’. Samples were prepared 
both in Nujol mulls and in KBr pressed disks, and studied at 300° and 77°K. Infra-red spectra were 
recorded on a Perkin-Elmer Model 21 Spectrophotometer, using LiF, NaCl and CsBr prisms. Raman 
spectra were obtained with a Cary Model 81 Recording Spectrophotometer, using near-saturated 
solutions in 5 ml Raman tubes 


TABLE |.—ORSERVED FREQUENCIES OF KNCSe 
(Band centres given in cm~') 


Infra-red (solid) | Raman (aqueous soln.) 


300°K | 77°K 300°K 
$58 | 559 $58 
424 426 
416 | 417 

2070 2072 

2026 | 2027 

2632 | 


2491 


Table 1 contains the observed frequencies. Fundamentals are numbered in the conventional 
manner.'*’ The splitting of the bending frequency, v,, is assumed to arise from the crystal structure, as 
has been reported for KNCO"™) and KNCS.") Force constants were calculated, assuming a valence 
force field and distances of 1-22 A and 1-83 A for the N—C and C—Se bonds. Values obtained were 
Kose 3-88, Kew 15-1, and Kd/r,r, 0-25, each 10° dynes/cm. The assignment of a weak 
band at 2026 cm™' to the v, fundamental of the ion containing C* is supported by a calculated value 
of 2021 


Physics Division H. W. MORGAN 
Oak Ridge National Laboratory 
Oak Ridge, Tennesse: 


A. Maki and J. C. De hem. Phys. 31, 772 (1959) 

F. F. CLEVELAND, J ne hen 63, 622 (1941) 

L. H. Jones, J. Chem. Phy , 1069 (195¢ 28, 1234 (1958) 

A. LanoseTu, J. R. Niet ia U. SorENSEN, Z. Physik. Chem. B27, 100 (1934) 

V. KONDRAT' EV and rKINA, Physik. Z. Sowjetunion 9, 279 (1936) 

M. P. Spacu, Bu on vim. (5), 3, 2074 (1936) 

G. R. WaAITKINS an H Inorganic Synthes Vol. U. McGraw-Hill, New York (1946) 
G. HerzperG, Molecular Spectra and Structure Vol. Il. Van Nostrand, New York, (1945) 


Regularities involving “He and ‘He and their possible implications 
for nuclear structure 


(Received 19 September 1960) 


Tue alpha-particle model of the nucleus, in which low-A nuclei are considered to consist of aggregates 
of x-particles, has been given fresh impetus by the recent work of WILDERMUTH and KANELLOPOULOS'?? 


|) K. WiLDeRMUTH and TH. KANELLOPOULOS, Nucl. Phys. 7, 150 (1958). 
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on their suggested cluster model of the nucleus. These authors pointed out that (i) clusters other {He 
might be present in nuclei and (ii) stable closed Shells such as those of AN 50 and N = 82 could be 
regarded as large clusters. The idea of clusters in the nuclear surface has also been discussed by 
WILKINSON’ and McCartny and Prowse" 

The possibility of [He as a cluster was mentioned by AHRENS’ and Aurens and Cuerry"® and it 
is the purpose of the present note to further discuss this possibility as well as that of {He as a nuclear 
cluster. For this purpose, regularities involving a variety of types of evidence have been sought and 
examined. The type of evidence is listed below together with the source of the relevant regularity: 

(1) systematics of stable isotopes (AHRENS and CHERRY’, AHRENS'®’) 

(li) relative abundances of isotopes (AHRENS'*?) 

(11) energies of excited states (CHERRY'’’) 

(iv) neutron and proton Separation energies (CHERRY'’’) 

mass excess and binding energy (AHRENS'*:*’) 

(vi) half lives of longlived a-active nuclei (PERLMAN et al.’*’, Stupter and Huizenca"® and 

AHRENS'*’) 

The great majority of the regularities begin or end with a well established magic number and are 
associated with increases of $He (2p + 4n) sub-units as well as the more familiar He; the {He regular- 
ities involve a maximum of seven participants. A condideration of the regularities leads to the 
Suggestion that if clusters occur in the nuclear surface—or perhaps within the structure—both $He and 
He should be considered as possible clusters; and, if so, the regularities indicate a threefold division 
of nuclei with respect to Z and N as follows: 

(i) A fHe (or x-particle) region 
UptoZ = N = 20, with {He as the principal cluster. Shell closure (possibly of clusters) takes 
place at Z = N = 20 

(ul) A transition region 
Z= N= 20to N = 50. {He and {He as clusters outside a closed shell. The transition region 
is itself sub-divided (AHRENs'*’), 

(iii) A $He region 

NV = 50 to N = 152. $He is regarded as the principal cluster after shell closure at N =\50. 
(The $He regularities are most highly developed between N 50 and N = 82.) 

If it is assumed that heavy nuclei (N > 50) of a given type are “built” by adding $He to the nuclear 
surface, the rate of increase of N-Z is a little too rapid for stability to be maintained over a large 
range of Z and an examination of the He regularities leads to the Suggestion that one function of 
N 82 and certain other significant neutron numbers may be to reduce neutron excess. 

A full account of the above will be given elsewhere 


L. H. AHRENS 
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The nuclide 


(Received 11 October 1960} 


THE nuclide '**Hf has been made by thermal-neutron irradiation of hafnium oxide and has been found 
to have a half-life of 8-5 « 10* years. A preliminary study has been made of possible radiations 
associated with the nuclide 


' This work was performed under the auspices of the U.S. Atomic Energy Commission. 
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In early 1955, a 2g sample of hafnium oxide was irradiated in a thermal-neutron flux of about 
10"* cm~* sec-* for two months at the Materials Testing Reactor at Idaho Falls, Idaho. The 
radioactivity in the sample was allowed to decay for four years before the investigation was begun. 
in 1959, the sample was dissolved in hydrofluoric acid and purified by extraction into thenoyltri- 
fluoracetone (“TTA”) from 2 N HCl, then separated from zirconium by selective elution of the latter 
from a Dowex-50 cation exhange resin with 1 N H,SO,. 
Elucidation of the ***Hf was then made by observation of the growth of the '**Ta daughter, by 
y-ray pulse-height analysis, and by mass-spectrometric analysis. These are described in order below. 
A purified sample of HfO, weighing 106 mg was observed with a sodium iodide (TI) scintillation 
counter equipped with variable-energy channel setting. This channel was set for the 1-1-1-2 MeV 
transitions of '**Ta. Over a period of 250 days, growth was observed which corresponded to a 
daughter with a 110 day half-life. As a check on the behavior of the detector, a sample of ***Ta (made 
by thermal-neutron irradiation of tantalum foil) was observed whenever the sample of HfO, was 
counted. Behaviour was normal, the decay corresponding to the known 110 day half-life for '**Ta. 
Thus the existence of the parent '**Hf was established from the daughter growth. By comparison of a 
‘Ta source in this particular energy channel with a 4 beta count, the disintegration rate of the 
daughter—and therefore of the parent—was established. It was found that the saturation specific 
activity was 40 dis/min per mg of sample 
y-Ray pulse-height analysis showed that about half of the activity was due to residual '’*Hf, the 
remainder to a number of y-rays, none above 0:56 MeV. One prominent photopeak at 0-27 MeV might 
be the same as that noted by Grosuev ef ai.'*’ in the neutron-capture gamma spectrum of tantalum, 
but the other photopeaks do not correspond to any of those listed. At the present time it is not known 
whether any of the observed photopeaks can actually be associated with '**Hf. Work is continuing on 


the characterization of the y-radiation in the sample 


4 small specimen of the hafnium was analysed in the two-stage mass spectrometer at the Vallecitos 
Laboratory of the General Electric Company and found’to contain 0-0088 atom per cent abundance 
at the mass 182 position. A small background correction was applied by a similar analysis of unir- 
radiated hafnium. On the basis of the atomic abundance and the specific activity of the sample, a 
half-life of 8-5 x 10° years was calculated for '**Hf 

Dr. ROBERT NAUMANN of Princeton University has informed us that he has made an investigation 
somewhat similar to ours and also has concluded that '**Hf is a nuclide of long half-life. 


Acknowledgements—The authors are indebted to Mr. VINCENT Scotti and his co-workers of the Pratt 
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Dr. WARD ALTerR, Mr. E. L. Kramer and their co-workers for the precise determination of the 
sotopic composition of the irradiated hafnium, without which the half-life could not have been 
determined 
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ERRATA 


B. P. BLock, The reaction of hexamminecobalt(III) chloride with sodium cyanide, 


J. Inorg. Nucl. Chem. 14, 294-295 (1960). 


The second sentence of the second paragraph on p. 295 should read as follows: 


“The addition of 6-1 g of K,[Co(CN),] (prepared as described in Inorganic 
Synthesis") dissolved in 150 ml of H,O to a solution of 5-0 g of [Co(NH,),JCI, 
in 100 ml of H,O at room temperature gave a precipitate of 6-4 g of [Co(NH3).] 
[Co(CN),].” 


_ R. F. Doerinc, W. D. Tucker and L. G. STaNnG, Jr., A rapid method for the 


detection of Sr contamination in ®Y, J. Inorg. Nucl. Chem. 15, 215-221 (1960). 


p. 216, 3rd paragraph, 7th line: for “contamination of 0-001 wc of **Sr in 100 
uc of *Y” read “contamination of 0-001 ue of *Sr in 100 me of *°Y”. 
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